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BIOLOGICAL MEMBRANES 
 
Biological membranes are common across all known life forms. In fact the ability 
to separate a certain amount of space, containing chemicals crucial for vital 
functions, is at the very definition of life (1). Biological membranes play the role 
of the barrier between the outer and inner environment and thus are necessary for 
living organisms to maintain their physical and chemical integrity. Membranes 
form the bulk of the cell and the scaffold for compartments separating different 
processes, but likely membranes also made it possible for life itself to arise.  
 
a. Compartmentalization  
 
The physical separation between outer and inner environment provides protection 
as well as compartmentalization necessary to keep proteins, nucleic acids and 
other chemicals at reasonable concentrations allowing metabolic processes. 
Biological membranes are more than suitable to perform that function due to the 
ability of their building blocks for spontaneous formation of vesicles of various 
sizes (2). The building blocks of such membranes are medium and large size 
lipids. Arguably, the versatility of resources, relative ease of formation and 
stability in primordial earth atmosphere (2, 3) made simple poly hydrocarbons the 
components of the membrane of the hypothetical protocell and thus helping life to 
arise (3). The stochastic nature of the processes leading to formation of such 
macromolecules and membranes could promote different biochemical reactions to 
occur within the vesicle like formation of proteins or nucleic acids. Formation of 
RNA (4) in particular has become possible inside of the protective enclosure of 
such membranes (5).  
 
b. Necessity of transport 
 
However, if life is to persist, it must be able not only to isolate itself from the 
external environment but must be able to selectively collect and keep useful 
metabolites and also exchange deleterious or toxic chemicals (1). The selectivity 
of those reactions is crucial for maintenance of homeostasis and so it is not 









a. Uptake of growth substrates and excretion of end 
products. 
 
A cell isolated from the environment by the membrane must be able to 
specifically acquire necessary material for sustaining growth, either by taking 
available building blocs from the surroundings or by synthesis in the cytoplasm 
from metabolic intermediates or other compounds that are taken up. The 
elementary building blocs of every living organisms, amino acids, nucleotides, 
lipids and sugars are composed of just six elements. The elements C, O, N, H, P 
and S, the so called biogenic elements are critically required for growth and 
proliferation of organisms. Typically a bacterial cell needs a carbon source in the 
form of an organic compound. Photosynthetic microorganisms are able to absorb 
inorganic carbon from the air in the form of CO2.  
The elements N, P and S come in the form of organic compounds or inorganic 
anions from mineral sources. The organic oxygen comes from taken up substrates, 
absorbed by heterotrophic organisms as nutrients. Phototrophic organisms are able 
to convert inorganic compounds like water or CO2 into carbohydrates using solar 
energy. Some bacteria, like Rhizobium sp. are able to utilize atmospheric nitrogen. 
Additionally, low concentrations of common mineral ions and co-factors are also 
needed to support the structure and function of many enzymes, to supply ionic 
strength as electrolytes in the cell, to act as metabolic signal molecules, etc. 
Equally important for growth is the ability to acquire sources of metabolic energy. 
Phototrophic organisms are able to utilize solar radiation and convert its energy 
into metabolically useful, high energy molecular bounds of organic forms of 
carbon, usually sugars. This process, photosynthesis is a highly complex chain of 
reactions, conducted by, mostly, membrane proteins. Heterotrophic organisms 
must acquire their sources of metabolically useful energy from the environment. 
Most of modern heterotrophic organisms are able to make use of most available 
compounds equally well for energy purposes as for building blocks. Lipids, 
proteins and carbohydrates are broken down to their constituent parts and used as 
cellular fuel or are being reused as building blocks and storage material.   
Metabolic end-products represent a large variety of non-functional or even toxic 
molecules. Excretion of end-products of metabolism is arguably as important as 
acquiring all necessary metabolic substrates. Accumulation of waste products like 
ammonia, nitrate or ammonium ions to high, toxic levels in the cell  is dangerous 
for proper functioning of the metabolism as well as for the structural stability of 
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the cell. Hydrophilic amines, diamines or carbonate ions can not pass thought the 
membrane and their transport must be facilitated by membrane proteins. However 
there is a mechanism allowing some compounds to leave the cell without a 
specific transporter. Protonated ammonium ions exist in dynamic equilibrium with 
unprotonated ammonia. The protonated, charged form can not pass through the 
membrane, but the uncharged not protonated form can easily permeate through 
the cellular bilayer by means of passive diffusion. In case of anaerobic 
microorganisms other compounds can be produced in the process of fermentation 
or during anaerobic respiration. A common product of a fermentative sugar 
metabolism is lactic acid, the product of pyruvate reduction (6). Lactic acid and 
other small organic acids are responsible for the acidification during many food 
fermentations by lactic acid bacteria, f.i. Lactococcus lactis. The protonated form 
of lactic acid can leave by passive diffusion, without the need for a specific 
transporter. During alcoholic fermentation as in the production of wine by yeast, 
ethanol is produced as waste product. There are no specific transporters to extrude 
ethanol out of the cell because it is able to permeate the membrane itself. The 
necessity for a transporter for a specific molecule depends on its capacity to 
passively diffuse through the membrane. If the production rate of a specific waste 
product is slow enough to allow passive diffusion without harmful accumulation 
in the cell, expression of a dedicated transporter becomes evolutionary irrelevant.   
 
 
b. Removal of toxic compounds. 
 
The capacity of transporters to excrete deleterious chemicals equipped many 
bacteria with an efficient means of adaptation to toxic environments. Multiple 
drug resistance is the phenomenon that cells or organisms harbor transporters able 
to bind a large selection of apparently unrelated chemicals and to remove them 
out of the cell. Bacteria use a whole array of transmembrane transporters for this 
purpose. Organisms expressing those transporters are able to remove a wide range 
of xenobiotics and drug-like substances, preventing any possible hazardous effect 
they might have on the cell. From the point of view of therapy of human or animal 
illnesses, medicines administered to a diseased organism are removed from the 
cell before they have the chance to exert their therapeutic effect. This 
phenomenon not only shows the flexibility of cells in adaptation to new 
environments but also poses particular problems for pharmacology in the 
development of anti-microbial therapeutics as well as the treatment of ever more 
resistant bacterial infections. The appearance of extreme drug resistance in 
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tuberculosis bacteria (usually Mycobacterium tuberculosis) was caused by 
improper use of antibiotics, similarly to vancomycin resistant strains of 
Staphylococcus aureus (VRSA) 
The MDR phenomenon is not limited to bacteria, in fact it has been observed 
throughout most of kingdoms of life. It is an ever greater problem in cancer 
therapy where, in worst cases, use of multiple drug cocktails doesn‟t lead to 
cancer remission. Pesticide resistant insect were first observed in 1960s and the 
growing need for improvement in farming technology and usage of crop 
protective chemicals leads to rise of even more resilient pestilence.   
 
 
c.  Homeostasis. 
 
Homeostasis, understood as the ability of cells to maintain a certain constant 
internal milieu is a fundamental process of living organisms aiming at 
continuously sustaining the optimal condition for biochemical processes within 
the cell. Variables determining the internal milieu include pH, electrolyte 
composition, osmotic strength, and osmotic pressure. A constant internal milieu in 
an ever changing external environment is achieved by a complex of many 
transporters that translocate protons and other ions in both directions across the 
membrane. Essential to these transporters is that they sense the internal state of 
the cytoplasm. In nature cells relized this task by a variety of different ways. For 
instance, the BetP betain transporter of Corynebacterium glutamicum involved in 
osmo-regulation possesses an osmo-sensing domain at its C-terminus (7). Other 
transmembrane transport facilitators are utilizing different ways and mechanisms 
of sensing and reacting to changes in their environment. Even though structurally, 
transporters can be group into a few structural classes, they catalyze transport of a 
wide range chemicals. Possibly the most important cellular homeostasis is the 
ability to regulate the acidity of the cytoplasm. The pH of the cytoplasm of most 
microorganisms is slightly acidic. Microbial cells may experience strongly 
changing pH values in their environment like those that pass the human intestinal 
tract or they live in a habitat that is extremely acid (acidophiles) or alkaline 
(alkalophiles). The former can adapt rapidly to the changing condition, while the 
latter only survive under the extreme condition of their habitat.   
Microbes may live in environments with low or high osmolarity (f.i. fresh water 
and food matrices, respectively). They maintain the osmolarity of the cytoplasm at 
a level that supports an osmotic pressure over the cell membrane that pushes the 
semipermeable cytoplasmic membrane against the cell wall („turgor pressure‟). 
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Cells faced with dehydration may increase the internal osmolarity by increasing 
the intracellular concentration of solutes by means of uptake or synthesis of 
compatible solutes (8) causing water to accumulate in the cells by means of 
osmosis. Both prokaryotes and eukaryotes possess transporters capable of 
accumulation of solutes under osmotic stress condition. Detailed studies of 
osmosensing transporters suggest that they sense and respond to different osmotic 





Much attention has been devoted to the mechanism by which the mostly 
hydrophilic molecules can pass through the hydrophobic layer of lipids building 
the membrane.  Passage requires the presence of integral membrane proteins that 
facilitate the translocation of specific molecules over the membrane. A variety of 
transport systems was discovered (10). Membrane transporters come in a number 
of types that differ in architecture and energy coupling mechanism and that are 
built from proteins from many different gene families. The TC classification 
system (TC = Transporter Classification) comprises four major groups of 
membrane transporters based on the mode of transport and energy coupling 
mechanism (11). These are channels, ABC transporters, secondary transporters 
and the group translocation transporters. Within each group, analysis of the amino 
acid sequence of the proteins that built the transporters allows to classify them 




The first group (TC #1.A) comprises channel proteins, transporting the solute in 
energy independent, facilitated-diffusion through a membrane pore. Channels are 
build of α-helical transmembrane segments forming a bundle allowing the passage 
of solutes though the lipid bilayer. β-strands rarely contribute to the structure of α-
helical channels. The only exceptions to this rule are β-barrel channels found in 
the outer membrane of bacteria and mitochondria. Channel proteins contain 
hydrophilic pores that span the lipid bilayer thanks to which water-soluble solutes 
move across the membrane by diffusion through these pores. Functionally, 
channels exist in two states, the “open” state that allows passage of the substrate 
and the ‟closed” state that does not. The transition between those states may be 
triggered by binding of a ligand (ligand-gated channels) or threshold values of the 
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electrical potential across the membrane (voltage-gated channels). In the central 
nervous system glutamate gated channels present in postsynaptic neurons bind 







 in or out of the postsynaptic cell. The sodium channel in neurons opens when 
electric potential across the membrane drops to a critical level, causing influx of 
Na
+
 into the cell and thus propagating the depolarization wave. The specificity of 
a channel protein is defined by be size of the transmembrane pore and/or by 
specific interaction between the ion and the wall of the pore.  Neither the transport 
cycle nor the stoichiometry of transport is linked to conformational changes in the 
channel protein. The lumen of a channel is accessible from either side of the 
membrane simultaneously so the mechanism of transport in channels allows the 
ions to flow either way (12).  
 
b. ABC transporters. 
 
The second group (TC #3.A) is comprised of ATP-driven primary active 
transporters, that couple hydrolysis of ATP to the uptake or extrusion of 
substrates. The transport catalyzed by these proteins occurs in the direction 
against the concentration gradient of the transported solute.  Typically ABC 
transporters consist of a complex that is built of two integral membrane subunits, 
two membrane associated subunits (the nucleotide binding domains; NBD‟s) and 
a soluble binding protein. ABC transporters come as dimers built of two half-
transporters that are either identical subunits (homodimers) or homologous 
proteins (heterodimers). Each half-transporter consists of a soluble domain and a 
membrane bound domain. The two domains are also found as separate proteins 
forming a complex and, occasionally, the two half transporters are part of one and 
the same protein. The integral membrane parts are highly hydrophobic and span 
the membrane with usually 6 transmembrane segments. They are the actual 
transporter consisting of 12 transmembrane segments that determines the substrate 
specificity. The membrane associated subunits protrude into the cytoplasm and 
contain an ATP binding site each that can be recognized in the primary structure 
by the Walker A and B sequence motifs. Uptake of a solute by an ABC 
transporter is preceded by the binding of the solute at the external side of the 
membrane to a binding protein. The binding protein is floating freely in the 
periplasm of Gram-negative bacteria or attached to the cytoplasmic membrane of 
Gram-positive bacteria through a lipid or protein anchor. The complex of the 
binding protein and the substrate is then recognized by the external face of the 
transporter. Binding causes increase of the ATP binding affinity at the internal 
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side of membrane. The ATP bound nucleotide binding domain interacts with the 
second NBD and causes conformational changes leading to cooperative binding of 
a second ATP molecule. Hydrolysis of ATP at the binding sites is coupled to the 
translocation of the substrate in the membrane embedded subunits. The ABC-
exporters bind the substrate directly at the dimer interface, causing it to dimerize 
and hydrolyze ATP. Exporters do not make use of binding proteins. ABC 
transporters are common to all forms of life.  
 
c. PTS transporters. 
 
The next group (TC #4.A) contains transport systems that chemically modify the 
translocated solute during transport (13). The substrates of the bacterial 
phosphoenolpyruvate:sugar phosphotransferase system (PTS) are extracellular 
sugars that become phosphorylated during transport and end up as the 
corresponding sugar-phosphate in the cytoplasm. The phosphate group originates 
from P-enolpyruvate (PEP) and is transferred by a cascade of both cytoplasmic 
and membrane bound proteins. The large free energy difference between the 
hydrolysis of PEP and sugar phosphates drives the transport reaction. The PTS 
system is unique in that it is only found in the bacterial domain and not in archaea 
and eukaryotes. Next to the uptake of sugars, the PTS has an important regulatory 
function. The phosphorylation state of the proteins in the cascade are the signals 
in the Carbon Catabolie Repression (CCR) regulatory system. 
During turnover, the proteins in the cascade are phosphorylated/dephosphorylated 
at one or more sites. The general scheme shows  two cytoplasmic energy-coupling 
proteins:  Enzyme I (EI) and the Histidine containing Protein (HPr). The former 
functions as the catalyst for the phosphoryl group transfer from PEP to the latter 
but is also phosphorylated itself in the process. In the next step, the phosphoryl 
group is transferred to the cytoplasmic domains of an integral membrane protein 
that protrude into the cytoplasm. The membrane protein termed Enzyme IIABC 
consists of an integral membrane domain (IIC) that is the actual transporter and 
determines the sugar specificity, and two soluble domains (IIA and IIB) that both 
become phosporylated in the process. The phosporyl group at the IIB domain is 
transferred to the incoming sugar. There are about 20 different carbohydrate 







d. Secondary transporters. 
 
Finally, secondary transporters (TC #2.A) couple the thermodynamically 
unfavorable (uphill) transport of one substrate to the thermodynamically favorable 
(downhill) transport of an other substrate. Typically, uptake of a solute is coupled 
to the influx of a proton or a Na
+
 ion which results in transport driven by the 
proton motive force (pmf) or sodium ion motive force (smf), respectively.  The 
architecture of secondary transporters is simple; they consist of a single gene 
product that often forms homomultimers. Secondary transporters are the largest 
and most diverse category of transporters and are found in all domains of life.  
   
Secondary transporters are the subject of this thesis and will be discussed in more 





Secondary transporters are able to translocate a specific substrate against its 
concentration gradient without using metabolic energy carriers, like ATP. Instead 
they utilize already existing ions gradient and couple the thermodynamically 
favorable translocation of the ion to the unfavorable translocation of the substrate. 
Typically cells maintain ion concentration gradients across the cytoplasmic 
membrane through the action of primary pumps and other transporters. The 
gradient consists of an electrical membrane potential as well as a concentration 
gradient. The energy stored in this form can be effectively used by secondary 
transporters. Most of the secondary transporters make use of the proton-motive 
force (PMF) or sodium ion-motive force (SMF), however use of other solutes is 
possible too. The mitochondrial ATP/ADP antiporter makes use of ATP and ADP 
concentration difference across the mitochondrial inner membrane to export ATP 
synthesized in the matrix into the cytoplasm.  
The coupling mechanism of secondary transporters defines the stoichiometry 
between solute and co-ions.  If the difference in net charge translocated in one 
turnover is zero, transport is said to be electroneutral. In contrast when net charge 
is translocated, transport is electrogenic and the membrane potential is part of the 
driving force. The coupling of translocation between solute and co-ion(s) is linked 
through conformational changes of the transporter protein in the catalytic cycle. 
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a. Symporters 
  





 to the thermodynamically unfavorable transport of substrate localized at 
the same side of membrane. Solute and ion are transported in the same direction. 
The transporter is an enzyme that binds both the substrate and co-ion at one side 
of the membrane, and, subsequently, exposes the binding site to the other side (the 
isomerization step) where solute and co-ion are released. Full turnover requires at 
least 6 kinetic states (Figure 1A).  In the first two both substrates (i.e. H
+
 and 
solute) bind to the active center of the enzyme, forming a ternary complex (steps 1 
and 2). Then (step 3), the fully bound enzyme isomerizes from the externally open 
state into the internally open state (or the other way around). Now the binding 
pocket faces the opposite side of membrane and the transported compounds 
dissociate again in steps 4 and 5. The empty transporter isomerizes again (step 6) 
and is ready to bind a new set of substrate and co-ion. The coupling of the 
favorable and unfavorable transport is achieved by the fact that only the empty 
state and fully loaded state are able to isomerize. Should the enzyme isomerize in 
any of the binary complex states, the mechanism would results in partial 
uncoupling of the two fluxes. Steps 1 and 2 as well as 4 and 5 may occur in 
random order and then additional steps are required to account for other possible 
orders of binding. The number of states increases rapidly when the number of co-
ions transported per solute increases. 
            
b. Antiporters 
 
Antiporters transport a solute in one, thermodynamically favorable direction and 
another solute, in the opposite, thermodynamically unfavorable direction. Well 
known examples are the ATP/ADP translocator and the mitochondrial 
tricarboxylate carrier, identified as homodimers (14, 15). Each of both subunits in 
the dimer possesses a binding side faced in opposite direction (fig. 1C). 
Reorientation of the first binding side is coupled with reorientation of the second 
binding side, located on the opposite side of the membrane (step 5 and 6). At all 
time 50% of the entire population of transporter molecules have their binding side 
exposed to one side and the remaining 50% to the other. The coupling mechanism 
allows the enzyme to isomerize only if both substrates, at both sides are bound 
(step 1 and 2). The results of kinetic measurements conducted on reconstituted, 
purified CitS showed that the rate of the sodim ion-motive force driven uptake of 
citrate was dependent of the internal sodium ion concentration. It was suggested 
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that the inwards flux of 2 Na
+
 and 1 Hcit
2-
 bound to one subunit in the dimer is 
coupled to the outwards flux of 1 Na
+
 and 1 OH
-
 bound to the other subunit (16, 
17, 18). Antiporters are common in all domains of life and involved in many 




 antiporter found in cardiac muscle 
is largely responsible for catalyzing removal of Ca
2+
 ions from inside of the heart 
muscle cells. It is able to maintain a remarkable gradient of Ca
2+
 across the 
membrane of 2*10
-7
 M inside to 2*10
-3
 M outside. The gradient of 4 orders of 
magnitude comes at a large energetic price: export of one calcium ion is coupled 














Figure 1. Kinetic scheme of mechanism of (A) symporter proteins, (B) Exchanger protein and (C) 
antiporter. The letter E stands for the enzyme in (i) inward and (o) outward facing conformation. H 
stands for proton, S for substrate and A and B represent substrate on opposite side of membrane. 
In case of antiporter (C) a dimer of two transporters was presented with one inwards and one 




Uniporters transport a solute without coupling the translocation to a co-ion. The 
driving force for transport is the gradient of the solute over the membrane itself. 
In case of a charged particle, the membrane potential will contribute to the driving 
force. The movement of a substance across a membrane down its concentration 
gradient will have the same negative ΔG value whether or not a protein 
transporter is involved. This type of movement sometimes is referred to as 
facilitated diffusion. Thermodynamically, uniporters behave like channels but the 
two classes mediate transmembrane solute movement by fundamentally different 
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differ from channels, uniporters are able to bind their substrate and an 
isomerization step translocates the substrate to the other side of the membrane 
(Figure 1). Unlike channels, the transport cycle of uniporters is coupled to 
conformational changes of the protein (20). Uniporters, much like channels span 
the lipid bilayer, but their substrate binding site is never accessible from both 
sides of the membrane simultaneously. 
 
d. Exchangers  
Exchangers catalyze antiport but by a different mechanism than the genuine 
antiporters (fig. 1B). Exchangers are symporters with affinity for two structurally 
related substrates that under physiological conditions are transported in opposite 
directions. Often, the physiological function of exchangers is the coupled uptake 
of one substrate and excretion of a metabolic end product of that substrate 
(precursor/product exchange). The catalytic cycle is a partial reaction of the 
symport or uniport reaction. Binding and release of the substrate in the cell 
renders the binding site exposed to the cytoplasm. When a high enough 
concentration of the metabolic product is present in the cytoplasm, this will bind 
to the transporter and be excreted. The part of the kinetic cycle of the symporter 
involving isomerization of the empty binding site(s) is omitted in this way. The 
binding site goes back and forward with either of the two substrates bound to it, 
thereby exchanging them between the two compartments separated by the 
membrane. Exchangers do not have and obligatory coupling of translocation of 
the two substrates as the antiporters do. However, they may be kinetically 
optimized to catalyze exchange rather than symport. Often, isomerization of the 
binding site is much faster when one of the substrates is bound than observed for 
the free binding site.     
 
 
SECONDARY TRANSPORTER CLASSIFICATION 
 
A genome-wide analysis of over thirty fully sequenced bacterial genomes yielded 
over 300 families of transporter like proteins and putative transporter proteins. All 
of these proteins have been classified in the Transporter Classification system (TC 
system) a system analogous to the Enzyme Commission (EC) system for 
classification of enzymes that catalyze chemical reactions. In the TC system each 
functionally dissimilar group of transporters is given a five digits code. The first 
two digits refer to the transporter class and subclass as discussed above under 
„Transport systems‟.  The next two refer to the phylogenetic analysis of the amino 
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acid sequences of the proteins and describe superfamily/family and subfamily 
and, finally, the fifth digit refers to the substrate specify of individual transporters. 
For instance, the transporter with number 2.A.1.4.5 describes an Electrochemical 
potential driven transporter (2.A.1.4.5) of the secondary type (2.A.1.4.5) that is a 
member of the organophosphate:Pi antiporter (OPA) family (2.A.1.4.5) in the 
Major Facilitator Superfamily (MFS) (2.A.1.4.5), and that is specific for glucose-
6-Pi (2.A.1.4.5). Secondary transporters are given the digital code #2.A. This 
group contains all the porter proteins (symporter, uniporter, antiporter) and it is 
the largest group in the TC system encompassing some 85 families of 
transporters. 
Phylogenetic analyses group families of secondary transporters in the TC system 
into superfamilies when distant evolutionary relationships between members of 
different families are detected (21, 22). Examples are the major facilitator 
superfamily (MFS), the amino acid-polyamine-organocation (APC) superfamily, 
and ion transporter (IT) superfamily. Sequences within a family share significant 
sequence identity which warrants an evolutionary relationship. Classification of 
families in superfamilies is based on a statistical criterion for significant sequence 
identity that involves randomization of sequences. The TC system cannot detect 
distant evolutionary relationships that cannot be recognized by comparing 
sequences.  
The MemGen structural classification of membrane proteins detects distant 
evolutionary relationships that cannot be detected by sequence alignments. Rather 
than the amino acid sequence itself, the hydropathy profile of the sequence is used 
in comparing membrane proteins. The basic assumption of the method is that in 
the course of evolution the structure of proteins is conserved much better then the 
amino acid sequence and that the hydropathy profile of a sequence can be 
regarded as a „finger print‟ of the structure of the protein. Consequently 
hydropathy profile comparisons like structure comparisons allow for the detection 
of larger evolutionary distances than sequence comparisons (23). 
Secondary transporters and membrane proteins in general, fold into α-helical 
bundles in the membrane. The polypeptide chain goes back and forward through 
the phospholipid bilayer in a zig-zag fashion such that the transmembrane parts 
form α-helices that are connected by short loops that reside in the water phases at 
the two sides of the membrane. For energetic reasons, the side chains of the amino 
acids that are part of the α-helices are hydrophobic because in the membrane, 
while the side chains of the amino acids in the connecting loops are hydrophilic 
because in the water phase. The structural organization of a membrane protein 
results in alternating stretches of hydrophobic and hydrophilic amino acids that 
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are recognized as peaks and valleys in the hydropathy profile of the amino acid 
sequence. The peaks correspond to the transmembrane α-helices, the valleys to the 
connecting loops. 
A hydropathy profile is computed using a sliding window approach. The average 
hydrophobicity of the amino acid side chains in a window of about 20 residues is 
plotted at the center position of the window. Subsequently, this is repeated after 
sliding the window position by position over the sequence. MemGen first 
computes an average hydropathy profile of all the sequences in a family using a 
multiple sequence alignment to align the individual hydropathy profiles. 
Subsequently, two family profiles are compared by finding the optimal alignment 
between the two profiles. Structural similarity follows from a statistical criterion 
that compares the difference between the optimal aligned profiles with the 
divergence of the individual profiles in the family averaged profiles.  A positive 
result, not only indicates structural similarities of the proteins in the two families, 




MemGen STRUCTURAL CLASIFICATION 
 
 
The structural classification system MemGen has identified 4 structural classes of 
secondary transporters termed ST[1], ST[2], ST[3] and ST[4] in which ST is short 
for Secondary Transporter (24). Preliminary analyses suggest that there are many 
more structural classes of secondary transporters. High resolution 3D structures 
are available for transporters in classes ST[1], ST[2] and ST[4]. The structures 
confirm that the classes represent different folds. Moreover, a number of 
transporters from different families in class ST[2] confirm their classification in 
one and the same class. No high resolution structure is available of any of the 
transporters in ST[3]. Nevertheless, a massive body of biochemical evidence 
suggests that they represent a different structural class and high throughput 
membrane topology screening of around 20 families confirm the classification 
(18, 25). 
Hydropathy profile alignment not only identifies similar structures but also 
additional structural features like extra transmembrane segments. In general, a 
structural class is characterized by a core structure consisting of a number of 
transmembrane segments that are present in all families in the class. In addition, 
different families or individual members of one family may have additional 
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transmembranes mostly at the N- or C-termini. Some additional segments are 
typical for a particular family and found in all members of that family but not in 
other families of the same class, while in other cases additional segments appear 
to represent „structural variation‟ within a family.     
 
 
a. Structural class ST[1] 
 
Structural class ST[1] largely corresponds to the MFS (Major Facilitator 
Superfamily) in the TC system.  The best studied secondary transporter, the LacY 
(H
+
/lactose symporter, Protein Data Base access 1PV7) of E. coli is a member of 
this class. The common fold of ST[1] transporters has been confirmed by high 
resolution structures of LacY, the GlpT (sugar-P/Pi exchanger, 1PW4), the EmrD 
(H
+
/drug antiporter, 2GFP) and the FucP (fructose/H
+
 symporter, 3O7P, 3O7Q). 
These transporters are found in different families of the MFS and share very little 
sequence identity. In spite of the low level of sequence identity, the hydropathy 
profiles computed from the sequences were very similar. LacY and GlpT were 
among the first secondary transporters for which a 3D structure at atomic 
resolution became available and the structures revealed a feature that later would 
turn out to be general to the architecture of secondary transporter proteins of other 
classes as well. The proteins showed internal symmetry; they consisted of two 
structurally, and most likely, genetically homologous domains. As soon as more 
sequences of secondary transporters were published in the eighties of the last 
century, it was recognized that the proteins consisted of two hydrophobic domains 
connected by a linker that showed up as a typical dip in the middle of the 
hydropathy profile (fig.2A). Moreover, many transporters of the MFS contained a 
sequence motif present at corresponding positions in the two halves of the protein 
(26). The latter indicated that an ancient duplication event was involved in the 
evolution of the proteins and strongly suggested that they would be built of two 
homologues domains. The high resolution structures that showed up 20 years later 
clearly revealed the expected two domain structure. 
ST[1] transporters are build of two domains consisting of six transmembrane 
helices each and that are connected by a large cytoplasmic loop. Both the N- and 
C-termini are located in the cytoplasm. The binding sites for substrate(s) and/or 
co-ion(s) are located at the interface of the two domains that forms the 
translocation site. The isomerization step exposing the binding sites to either side 
of the membrane involves the movement of the two domains relative to each 
other. 
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b. Structural class ST[2] 
 
The ST[2] structural class contains a selection of protein families that have been 
correctly predicted by the MemGen to have the same general fold and is thought 
to be the best demonstration of the adequacy of structural predictions made by the 
MemGen algorithm. The APC superfamily of transporters in the TC system is 
contained within ST[2] plus a number of completely unrelated families. LeuT 
(Na
+
 /leucine symporter, 2A65) from the NSS (neurotransmitter solute symporter) 
family and vSGLT, (Na
+
/galactose symporter, 3DH4) from the SSS (sodium 
solute symporter) family were the first members for which a high resolution 3D 
structure became available and that revealed a similar core structure for these two 
proteins that share no sequence identity whatsoever. Other families in class ST[2] 
that were confirmed by crystal structures comparison are BetP (Betaine-glycine 
/Na
+
 symporter, 2WIT) and CaiT (L-carnitine/γ-butyrobetaine antiporter, 3HFX). 
from the BCCT (betaine-choline-carnitine transporter) family.The APC (amino 
acid polyamine organocation transporter) superfamily is represented by ApcT 
(H
+
/amino acid symporter, 2GIA) and AdiC (Arginine/agmatine antiporter, 
3HQK) and the NCS1 (nucleobase cation symporter) family  Mhp1 
(Na
+
/hydantoin symporter, 2JLN)  
Structural class ST[2] contains proteins built of  two structurally homologous 
domains that contain five transmembrane segments each (27). The odd number of 
transmembranes results in the opposite orientation of the two domains in the 
membrane. This class of transporters is predicted to have two or three additional 
transmembrane segments (fig. 2B).  
In many cases the first helix of each domain contains an unwound helical region 
responsible for forming the substrate interaction. The unfolded stretch of residues 
exposes some of its polar residues forming a suitable environment for 
coordinating binding of substrate and ions. The first two helices of the first 
domain and the second domain are faced towards each other and forms the inner 
bundle while the remaining domains form the outer bundle. A number of obtained 
x-ray structures place the binding side inside of the core bundle as a much 
conserved feature. A second binding side was found in structures like LeuT or 
Mhp1 but is not present in other structures. Moreover it was found that the 
conformational changes observed in different structures are consistent with those 
of a gating mechanism. Computational analysis of the conformational changes, 
occurring during the turnover of LeuT and ApcT from the APC family showed 
that the transporters contained within the ST[2] structural class share not only 
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c. Structural class ST[3] 
 
The ST[3] class contains the  superfamily of Ion Transporters in the TC system)  
together with a number of families not related in  sequence like the 2HCT (2-
hydroxycarboxylate transporter) or EES (Na+-dependent glutamate transporters) 
families. All characterized transporters from the ST[3] family are either organic or 




 antiporters, suggesting further similarities 
retained within the structural class ST[3]. The class contains mostly bacterial 
proteins.  Members of eukaryotic origin are found in a few families. The analysis 
of sequence hydropathy suggested that proteins enclosed in this class are build of 
two homological domains each composed of five transmembrane segments. It 
therefore implies that the primordial gene encoding one domain was duplicated 
and fused with its copy. Like in class ST[2], the odd number of transmembrane 
segments  forced inversion of the orientation in the membrane of the two domains 
(fig. 2C). Even though some ST[3] members may have more transmembranes 
they are still characterized by the same core structure. In spite of many attempts 
by Gouaux,  not one crystal structure of an ST[3] transporter has been obtained. 
ST[3] transporters are the subject of this thesis and more details will be given 




d. Structural class ST[4] 
 
Unlike the ST[1], ST[2] and ST[3] transporters, that are distributed over many 
families, the proteins from the class ST[4]  are found in a single family in the TC 
system: the DAACS (dicarboxylate/amino acid:cation symporter) family. 
Apparently, the proteins in class ST[4] have diverged much less during evolution 
as compared to the other classes. The transporters are common to all kingdoms of 
life even though only a handful are present in Archaea while about 20% are 
present in the eukaryotes, and the majority in the Bacterial kingdom. Only a single 
high resolution 3D structure of a ST[4] transporter was obtained, the 
glutamate/aspartate transporter GltPh from of Pyrococcus horikoshii (29).  Unlike 
most of known examples from other structural classes GltPh is a trimer. The 
protein contains two domains, but these are not homologous. The N-terminal 
domain containing six transmembranes forms the structural scaffold of the 
protein. The second domain consists of four transmembranes and forms the 
structural core of the protein. In this domain other structural features, like pore 
loops are found. On the external part of the trimeric complex a clearly visible 
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basin is formed. It was speculated that its function is to shorten the distance 
between both sides of the membrane making it easier to transport the substrates. 
The functional part of the transporter appears to be a four-transmembrane bundle, 
encapsulate inside of the external six-transmembrane shell (fig. 2D). The GltT 
protein, a homolog of GltPh from Bacillus stearothermophilus was the first 
secondary transporter for which pore-loops were proposed, a feature previously 
known only in channels. Pore loops are loop regions that fold back in between the 
transmembranes but that are not penetrating through the membrane. Analysis of 
substrate bound crystal structures of GltPh showed that pore-loops form the active 
center and act in the transport as the part of the gating mechanism.  
The structure of GltPh is used as a homolog of neuronal, human excitatory amino 
acid transporters (EAAT) in pharmacochemistry and in brain research.   
 
 
2HCT AND ESS FAMILIES IN CLASS ST[3]      
 
Members of two families in structural class ST[3] have been studied more 
extensively and most of the characteristics of the transporters in this class are 
based on these studies. The 2-hydroxycarboxylate transporter (2HCT) family 
contains nowadays some 200 unique sequences all of bacterial origin. 
Transporters that have been studied in more or less detail are CitS and CitW of 
Klebsiella pneumonia, CitP and MleP of lactic acid bacteria, CimH and MaeN of 
B. subtilis, MalP of Streptococcus bovis and ZP02863682 of Clostridium 




 symporters as well 
as exchangers. Physiological substrates of the transporters are citrate, malate and 
lactate which are all 2-hydroxycarboxylates, hence the name of the family. The 
ESS family contains some 300 members, also exclusively found in the bacterial 
domain. Only a single transporter has been studied, GltS of E. coli. GltS is a  
Na
+
:glutamate symporter and has given the name to the family (ESS, E for 
glutamate, S for sodium and S for symporter). 
Like most proteins grouped together in a class of the MemGen system, 
transporters share no significant sequence similarity between the 2HCT and ESS 
family. However, the hydropathy profile alignment groups them very closely 
together, suggesting significant similarities in their general structure and distance 
evolutionary origin. A direct comparison is not possible due to absence of high 
resolution structure. The hydropathy profile of proteins within the 2HCT family 
produces 12 maxima while in the EES family there are 11. In general a peak in 
hydropathy means a transmembrane segment. However rare features like reentrant 
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loops may cause additional and less defined maxima to appear. Secondary 
structure prediction by TMHMM (30) results in 11 transmembranes for GltS and 
12 for CitS while the experimentally determined number of transmembrane 
segments measured by cysteine scanning mutagenesis (31) revealed that GltS has 
10 and CitS 11 transmembranes. The failure of the TMHMM algorithm is mostly 
caused by the presence of pore loop structures (32, 18). The structural model of 
GltS with 10 transmembranes represents the core structure of the transporters in 
class ST[3]. The core consists of two homologous domains containing 5 




 transmembrane segment in each 
domain a pore loop or reentrant loop is present that folds back into the more 
hydrophobic membrane embedded part of the protein. The presence of the 
putative pore loops of CitS and GltS was confirmed by experimental data (31). In 
the 3D structure, the two domains are believed to fold upon each other with the 
two pore loops at the interface. They are believed to form the active center of the 
protein. In the CitS protein the additional 11
th
 transmembrane is positioned at the 
N-terminus of the core structure. In this transporter an amphipatic surface helix is 
present (33) in between the VIII and IX transmembrane at the cytoplasmic face of 
the membrane. It was suggested that the surface helix would facilitate the 
insertion of the adjacent α-helices. 
 
SCOPE OF THE THESIS 
 
Secondary transporters are a common and very diverse group of proteins found 
throughout all kingdoms of life. They carry out the important tasks of uptake of 
growth substrates and energy sources, transmembrane exchange of metabolites, 
defense against toxic compounds and they safeguard cellular homeostasis. They 
are also responsible for transduction of information, f.i. in neurons. The excretion 
of xenobiotics makes them a particularly interesting target for the development of 
new medicines. Despite all this phenomenal importance, the structural research of 
secondary transporters has been severely impaired by the scarce availability of 
high resolution 3D structures of the proteins leaving classical techniques of 
genetic engineering and biochemistry the main source of structural information. 
The Na
+
/Glutamate symporter (GltS) of Escherichia coli and Na
+
/Citrate 
symporter (CitS) of Klebsiella pneumonae are the secondary transporter of choice 
in the research described in this thesis. GltS and CitS are believed to share their 
3D structure with whole group of secondary transporters belonging to the ST[3] 
structural class of the MemGen classification system.    
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Chapter 2 describes the quaternary structure of the GltS and CitS proteins. 
MemGen itself does not make prediction about the quaternary structure and the 
evolutionary analysis doesn‟t require any particular prevalence of the number of 
subunits in the active complex. Yet similarity of their tertiary structure, preserved 
over distant evolutionary relationships, could be strong enough to conserve their 
quaternary structure too.  A variety of biochemical techniques was combined with 
electron microscopy to investigate the quaternary structure of GltS and CitSThe 
well known trimeric GltT of Bacillus subtilis from structural class ST[4] was 
taken along as a control in these experiments. Overexpresse protein was purified 
to homogeneity by Ni
2+
NTA  chromatography. It was observes that both CitS and 
GltS eluted at the same time while GltT was retained longer. The data pointed out 
that both CitS and GltS were dimeric. The same conclusions were drawn from the 
Blue Native electrophoresis. Additionally purified proteins were analyzed by 
single particle electron microscopy. The EM projections of GltT were aligned 
with pictures of the space-filed model of GltPh structure yielding a satisfactory 
match and validating the method. The CitS single particle analysis revealed two 
shapes: one kidney-like projection, most likely representing the side view. The 
other was of a biscuit-like shape and most likely representing the top view. It was 
suggested that the basin, visible at the side view was an analogical feature to a dip 
found in the GltT structure. Its function however is still elusive, but could be there 
to shorten the distance between the sides of the membrane. The EM pictures of 
GltS did not returned satisfactory resolution pictures and little can be said about 
its shape, but in line with the fewer transmembranes the size of the structures 
observed in the GltS image were consistently smaller than those of CitS.    
Chapter 3 elaborates further on the dimeric structure of the two transporters with 
the aim to determine the relative orientation of the two subunits in the complex as 
well as the internal organization of subunits. This goal was achieved by 
introducing an additional mass in the form of a ~ 10 kDa globular protein at 
specific sites of the GltS and CitS structure. By concentration dependent cross-
linking with glutaraldehyde it was possible to conclude that the large cytoplasmic 
loops connecting both domains in the monomer are placed at opposite sides of the 
dimer. Moreover, the N-termini were faced towards each other and located at the 
dimer interface.  
Chapter 4 describes a structure-function relationship study of the GltS protein. 
Previous studies showed that the 10 kDa protein domain inserted at the position of 
206
th
 amino acid at the C-terminal end of the cytoplasmic loop connecting the two 
domains of the GltS monomer leads to an increase by a factor of 3 of the turnover 
number of GltS. Additionally, two specific mutants P351C and N356C located in 
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the reentrant loop in the C-terminal domain were used to probe the accessibility of 
the active center of the protein. The mutations themselves were found to 
deactivate the transport upon labeling with thiol specific labels (NEM and 
AmdiS). It was concluded that the accessibility of the introduced cysteins was 
modulated by presence of sodium al well as glutamate. Insertion of the 10 kDa 
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ABSTRACT 
 
The structure of three secondary transporter proteins, GltT of Bacillus 
stearothermophilus, CitS of Klebsiella pneumoniae and GltS of Escherichia coli 
was studied. The proteins were purified to homogeneity in detergent solution by 
Ni
2+
-NTA affinity chromatography and the complexes were determined to be 
trimeric, dimeric, and dimeric for GltT, CitS and GltS, respectively, by BN-
PAGE. The subunit stoichiometry correlated with the binding affinity of the Ni
2+
-
NTA resin for the protein complexes. Projection maps of negatively stained 
transporter particles were obtained by single particle electron microscopy. 
Processing of the GltT particles revealed a projection map possessing three-fold 
rotational symmetry, in good agreement with the trimer observed in the crystal 
structure of a homologous protein, GltPh of Pyrococcus horikoshii. The CitS 
protein showed up in two main views; as a kidney-shaped particle and a biscuit-
shaped particle, both with a long axis of 160 Å. The latter has a width of 84 Å, the 
former of 92 Å. Symmetry considerations identify the biscuit-shape as a top-view 
and the kidney-shape as a side-view from within the membrane. Combining the 
two images shows that the CitS dimer is a protein with a strong curvature at one 
side of the membrane and, at the opposite side, an indentation in the middle at the 
subunit interface. The GltS protein was similarly shaped as CitS with dimensions 
of 145 x 84 Å. The shapes and dimensions of the CitS and GltS particles are 





















Secondary transporters use the free energy stored in ion and/or solute gradients to 
drive the transport of a solute across the cytoplasmic or internal membranes of 
biological cells. They are widely spread throughout all kingdoms of life; they are 
found in every biological cell and a specific transporter protein can probably be 
found for every low-molecular weight compound in nature. Their high abundance 
is reflected in the great diversity of sequences coding for secondary transporters. 
The transporter classification system (TC system) developed in the Saier 
laboratory lists some 95 different gene (super)families coding for secondary 
transporters (subclass TC 2.A)(1). Significant progress made during the last 
decade in determining high resolution X-ray structures of secondary transporters 
(2-11) suggests that the phylogenetic diversity correlates with a similar diversity 
in 3D structure and translocation mechanism, emphasizing the need for less 
elaborate methods for low resolution structure determination of these proteins.  
Single particle analysis of electron microscopy (EM) projections is a simple and 
attractive method to study the structure of (membrane) proteins if applied to 
negatively stained specimens with a mass between about 100 and 2000 kDa. 
Many thousands of projections can be processed within short time, which is 
necessary to obtain high quality 2D projection maps. Over the last 25 years single 
particle averaging has improved to a well-established technique to obtain 
information at a medium resolution (10–20 Å), and to near-atomic resolution for 
some highly symmetric objects (12,13). In the case of membrane proteins 
resolution is often lower because the particles are surrounded by a non-structured 
detergent boundary layer. 
In this study, the projection structure of three secondary transporters, GltT, CitS 
and GltS is studied using single particle electron microscopy. The transporters 
belong to different gene families suggesting different structures. The H
+
-
glutamate symporter GltT of Bacillus stearothermophilus is a member of the 
Dicarboxylate/Amino Acid Cation Symporter (DAACS) family (14). The 
DAACS family is found in all kingdoms of life and includes transporters found in 
neurons and glial cells in the mammalian central nervous system. A member of 
the family, GltPh of Pyrococcus horikoshii has been crystallized and the three 
dimensional structure was solved at a resolution of 2.69 Å (5). CitS of Klebsiella 
pneumoniae transports citrate in symport with two sodium ions and one proton. 
CitS belongs to the family of 2-hydroxycarboxylate transporters (2HCT) that 
contains transporters exclusively found in bacteria (15). GltS of Escherichia coli 
transports glutamate in symport with Na
+
 ions (16-18). GltS belongs to the 
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Glutamate Sodium Symporter (ESS) family, another bacterial family of 
transporters. In spite of the apparently different evolutionary origin of the CitS 
and GltS proteins they have been proposed to share a similar structure by 
hydropathy profile analysis (19,20)
 
and evidence has been put forward to this 
extent (21,22). 
The transporter proteins are expected to be at the lower size limit of what is 
feasible for single particle EM which has been widely applied in getting 2D and 
3D structure information of proteins with a mass of well above 50 kDa. With 
molecular masses for the polypeptides that form GltT, CitS and GltS between 42-
48 kDa, much may depend on the subunit structure. GltT is believed to be a trimer 
(23, 24), CitS a dimer (25-27). Thus these transporter proteins are of interest to 
explore the possibilities of single particle electron microscopy for small-sized 
membrane proteins. It is demonstrated here that the projection structure of GltT is 
in good agreement with the X-ray structure of the homologous protein GltPh 
showing that for these small membrane proteins relevant structural information 
can be obtained by the technique. Projection structures of CitS and GltS are 
consistent with a dimeric structure and a model is presented for the shape of the 





Cell growth and genetic constructs. Escherichia coli strain DH5 was used as a 
host to express the transporter proteins and derivatives. Plasmids pGltThis (28) 
encoding the glutamate transporter GltT of B. stearothermophilus, pBADCitS 
(29) encoding the citrate transporter CitS of K. pneumoniae, and pBADGltS (21) 
encoding the glutamate transporter GltS of E. coli were described before. Freshly 
transformed bacteria were used to inoculate an over-night growing pre-culture. 25 
mL of pre-culture was added to 1 liter of Luria Broth (LB) medium at 37°C and 
containing 50 g/ml ampicillin (Roche Diagnostic GmbH, Manninheim, 
Germany) under continuous shaking (200 rpm). At an OD660 of 0.6, 0.1% 
arabinose (Singma-Aldrich GmbH, Steinheim, Germany) was added to induce 
expression of the transporters after which the culture was allowed to grow for an 
additional hour. Subsequently, cells were harvested by spinning at 8000 rpm for 
10 min at 4°C, washed with 50 ml 50 mM KPi, pH 7 at 4 oC and resuspended in 5 
mL of the same buffer.  
 
Purification of transporter proteins. Cells from a 1 L culture resuspended in 10 ml 
50 mM KPi, pH 7 containing 1 μg/mL DNAse were passed three times through a 
pressure-cell-disrupter at 13,5 MPa at 4°C. Following a low spin at 8000 rpm for 
10 min at 4°C to remove debris and unbroken cells, the supernatant was 
centrifuged at 80,000 rpm for 25 min at 4°C (high spin). The membrane fraction 
was resuspended and washed once with 50 mM KPi pH 7 buffer containing 1 M 
NaCl. The membranes were resuspended in 1 mL of  50 mM KPi pH 7 buffer and 
stored in liquid N2 until use. 
Transporter proteins were solubilized from the membranes by partial extraction. 
Membranes were incubated for 1 hour at 4°C under continuous shaking in 50 mM 
KPi pH 7 buffer containing 400 mM NaCl, 10% glycerol and 0.5 % β-
dodecylmaltoside (DDM). Undissolved membrane material which contained the 
transporter proteins was recovered by spinning at 80,000 rpm for 25 min at 4°C. 
The extraction procedure was repeated with the same buffer with 1% Triton X-
100 instead of DDM. After spinning, the supernatant was passed through a 0.2 µm 
filter, made 20 mM in imidazole and applied to a 1 mL bed volume Ni
2+
-NTA 
column (HisTrap HP) mounted in an ACTA HPLC system. Before, the column 
was conditioned for 5 min at a 1 mL/min flow rate with a 50 mM KPi pH 8 buffer 
containing 600 mM NaCl, 10% glycerol, 0.03% DDM, and 20 mM imidazole. 
The column was washed with 10 mL of 50 mM KPi pH 7 buffer containing 600 
mM NaCl, 10% glycerol, 0.03% DDM, and 50 mM imidazole) after which the 
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proteins were eluted in a linear gradient of 50-400 mM imidazole in the same 
buffer. The OD280 of the eluate was measured continuously followed by collection 
in fractions of 0.5 mL. Fractions were concentrated by ultrafiltration (Centriprep, 
Millipore) using filters with a cut-off of 30 kDa and analyzed by SDS-PAGE as 
described (30) using a 12% acrylamide gel and by Blue native PAGE (31) using a 
6 step gradient from 8 - 18 % acrylamide. Protein concentration was determined 





 calculated from the CitS, GltS and GltT amino acid sequences, 
respectively. 
 
Electron Microscopy and Single-Particle Analysis. Negatively stained specimens 
of GltT, CitS and GltS were prepared with 2% uranyl acetate on glow-discharged 
carbon-coated copper grids. Electron microscopy was performed on a Philips 
CM12 electron microscope operated at 120 kV. Images were recorded with a 
Gatan 4K slow-scan CCD camera at 100,000 x magnification with a pixel size 
(after binning the images) of 3.0 Å at the specimen level, with “GRACE” 
software for semi-automated specimen selection and data acquisition. About 
5000, 80,000 and 30,000 single particle projections were selected for GltT, CitS 
and GltS, respectively. Single-particle analysis was performed with the Groningen 
Image Processing (“GRIP”) software package on a PC cluster. Selected single-
particle projections (96 x 96 pixel frame) were aligned by a multireference 
alignment and reference-free alignment procedures as described (13,32). Next, 
particles were subjected to multivariate statistical analysis, followed by 
hierarchical ascendant classification (13). After several cycles of multireference 
alignments, statistical analysis and classification the best projections from each set 
were averaged. In the final classification, 10-20 classes were made. Bad classes 
were removed and remaining classes were further grouped. For GltT, CitS and 
GltS about 20, 50 and 50% of the images were finally summed, respectively. The 





Binding affinity of His-tagged GltS, CitS and GltT proteins to Ni
2+
-NTA resin. 
Depending on the multimeric state of a His-tagged protein, the complex will 
contain one or more His-tags and, therefore, bind more or less strongly to Ni
2+
-
NTA resin. Three secondary transporter proteins, GltT of Bacillus 
stearothermophilus, CitS of Klebsiella pneumoniae, and GltS of Escherichia coli 
were expressed in E. coli DH5α harboring plasmids pBADGltT (28), pBADCitS 
(29) and pBADGltS (21), respectively. The plasmids code for the transport 
proteins with N-terminal His6-tags. The transporters were solubilized from the 
membrane by partial extraction using the detergents DDM and Triton X-100 as 
described in the Methods section. Solubilized proteins were loaded onto a Ni
2+
-
NTA affinity column and, after washing, bound proteins were eluted from the 
column by a linear imidazole gradient ranging from 50 – 400 mM (Figure 1). 
Protein in the eluent was detected by the extinction at 280 nm and the fractions 
were assayed for the presence of the transporter proteins by SDS-PAGE. Staining 
intensity of the proteins in the fractions correlated with the extinction peaks 
indicated in Figure 1. The GltS and CitS proteins eluted at more or less the same 
imidazole concentration of 120 mM, while the GltT protein clearly bound stronger 
to the resin, eluting at 200 mM imidazole. The elution profiles suggest that GltT is 
in a higher association state than GltS and CitS. The similar binding strength of 
GltS and CitS to the Ni
2+
-NTA resin suggests that the two proteins are in the same 
association state. 
SDS-PAGE following pooling of the peak fractions and concentration by 
ultrafiltration showed that the procedure resulted in highly pure protein 
preparations (Figure 1B) that were used for the subsequent experiments. The 
apparent molecular masses of GltS, CitS and GltT were 35, 40 and 36 kDa (Table 
1). Integral membrane proteins are known to have a higher mobility than expected 
from their calculated molecular mass because they on average bind more SDS 
than the soluble proteins used to calibrate the gel. The yield of the procedure, 
which largely reflects the different levels of expression in the Escherichia coli 
host strain were 0.083, 0.3 and 0.21 mg of protein per liter of cell culture for GltS, 
CitS and GltT, respectively.  
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Elution volume (mL)












































































-affinity chromatography purification of GltS, CitS and GltT proteins. Main plot. 
Elution profile of GltS, CitS and GltT as measured by the extinction at 280 nm in the eluate. The 
dashed line indicates the imidazole gradient. Insert. SDS-PAGE of purified GltS, CitS and GltT as 
indicated. Fractions of 1 mL collected at  26-29 mL of elution volume for CitS and GltS and 30-33 
mL for GltT were pooled and concentrated by ultrafiltration before analysis by SDS-PAGE. 
Estimated molecular masses were 35, 40 and 36 kDa, respectively.  Left lane: marker proteins of 
50, 37 and 25 kDa as indicated. The gel was stained with Coomassie Brilliant Blue.  
 
Blue Native PAGE  of purified  GltS, CitS and GltT proteins. Purified GltS, CitS 
and GltT proteins were analyzed by non-denaturing BN-PAGE. Relative 
mobility‟s increased in the order GltS>CitS>GltT (Figure 2). Apparent molecular 
masses of the major protein bands were estimated to be 150, 160 and 180 kDa for 




























GltS 43.5 35 166 92 dimer 
CitS 49.1 40 175 97 dimer 
GltT 46.6 36 229 127 trimer 
a
 including His-tag and/or enterokinase site 
b
 see reference (26) 
 
Using a factor of 1.8 to correct for the aberrant mobility behavior of membrane 
proteins relative to the soluble marker proteins (26), these numbers convert to 92, 
97, and 127 kDa (Table 1). With calculated molecular masses of the His-tagged 
proteins of 43.5, 49.1 and 46.6 kDa for GltS, CitS and GltT, respectively, it 
follows that the GltS and CitS proteins are dimeric, and GltT trimeric which is in 
line with the binding affinities of the proteins to Ni
2+
-NTA resin demonstrated 
above and previous observations for the CitS and GltT proteins. The glutamate 
transporter GltT of Bacillus stearothermophilus solubilized in detergent was 
shown to be a homotrimer by chemical cross-linking (23). Moreover, the high 
resolution crystal structure of the homologous transporter GltPh of the archaeon P. 
horikoshii reveals a homotrimeric complex (5). Several lines of evidence indicate 
that CitS of Klebsiella pneumoniae is a dimeric protein in detergent solution 
(reviewed in reference (15)). 
Minor protein bands were observed after BN-PAGE for monomeric CitS and 
monomeric GltT (Figure 2, arrows). No dimeric GltT was observed, suggesting 
that this state of the protein is not stable.   
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Figure 2. Blue Native PAGE of GltS, CitS and GltT proteins. The three top fractions of the elution 
profile obtained after purification by Ni
2+
-affinity chromatography (see Figure 1) were 
concentrated to a concentration of 1.0, 0.83 and 0.60 mg/ml for GltS, CitS and GltT, respectively. 
An aliquot of 30 μl was loaded onto the gel. The numbers at the left refer to the molecular masses 
of the calibration proteins in the first lane in kDa. Arrows at the right point at monomeric CitS and 
GltT. The gel was stained with Coomassie Brilliant Blue.  
 
EM analysis of CitS, GltS and GltT proteins. Purified GltT, CitS and GltS 
transporter proteins were examined by electron microscopy (EM). Large numbers 
of monodisperse particles of negatively stained GltT, CitS and GltS proteins were 
analyzed by single particle analysis. The final class sums shown in Figure 3 were 
obtained after several cycles of multi-reference alignment, multivariate statistical 
analysis and classification.  
GltT. The averaged EM projection maps of negatively stained GltT in detergent 
solution indicated high numbers of particles showing three-fold symmetry. The 
dominant projection image obtained after single particle averaging was a 
triangular particle with a base of 118 Å and a clear three-fold rotational symmetry 
at about 14 Å resolution (Figure 3A). The three-fold symmetry points to a trimeric 
structure of the GltT protein complex. The high resolution X-ray structure of the 
homologous transporter GltPh resolved previously (5) shows a similar three fold 
symmetry when viewed along an axis perpendicular to the membrane (Figure 3B) 
indicating that the projection structure represents a similar top-view. The space 
filling model based on the X-ray structure of GltPh superimposed on the image is a 
bit smaller than the projection structure which is due to the fact that solubilized 
membrane proteins are surrounded by a detergent layer, which is not penetrated 
by the negatively charged stain (34). The EM analysis of GltT presented here, 
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demonstrates that the shape of integral membrane proteins as small as ~140 kDa 
can be successfully determined by electron microscopy.  
 
Figure 3. Single particle analysis of GltS, CitS and GltT. (A) Averaged top-view projection of 
GltT of Bacillus stearothermophilus of a total of 5,000 particles. (B) Overlay of a space filling 
model of the high-resolution X-ray structure of GltPh of P. horikoshii viewed along an axis 
perpendicular to the membrane on the averaged projection image of GltT shown in panel A. The 
three protomers of the GltPh trimer were indicated in different colors. (C,D) Averaged top-view (C) 
and side-view (D) projections of CitS of K. pneumoniae based on a total of 80,000 particles. (E, F) 
Averaged top view projections of GltS of E. coli  based on a total of 30,000 particles. The space 
bar is 100 Å. 
 
CitS. Analysis of 80,000 projections of the CitS protein indicated high numbers of 
elongated particles with a long axis about twice the length of the short axis. CitS 
appears to have two main types of projection views (Figure 3C,D). One appears to 
be a biscuit-shape particle with a long axis of 160 Å and a short axis of 84 Å 
(Figure 3C). The second is a kidney-shape particle with a long axis of the same 
length of 160 Å and a total height of 92 Å (Figure 3D). In the middle, the particle 
measures 78 Å. The two classes represent two views of the protein rotated around 
the long axis. Secondary transporter proteins are largely embedded in the 
phospolipid bilayer without too much of their mass protruding into the interior or 
exterior water phase. Considering that the thickness of the membrane layer is 
around 40-50 Å, the long axis of both projections has to be in the plane of the 
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membrane. Then, in the two projections, the short axis is either also in the plane 
of the membrane (view on the membrane, top-view) or perpendicular to the 
membrane (view from within the membrane, side-view). Since the orientation of 
an integral membrane protein in the membrane is fixed (positive-inside rule, (35)), 
a (homo)dimeric structure of a membrane protein forces certain symmetries upon 
the projections. In side-view projection, one half should be the mirror image of 
the other half, which, in support for a dimeric structure of CitS, is observed for 
both projections. However, the top-view should have two-fold rotational 
symmetry (see the three-fold rotational symmetry for the GltT trimer above) 
which is only compatible with the biscuit-shaped and not with the kidney-shaped 
image. It follows that the kidney-shaped image (Figure 3D) represents the side-
view and the biscuit-shaped image the top-view of the CitS dimer. The symmetry 
axes correspond to the subunit interface in the dimer. Figure 4 presents a model of 















Figure 4. Model of the CitS dimer in the membrane. See text for explanation. 
 
GltS. The sums of the best groups of classes from a set of 30,000 EM projections 
of GltS are presented in Figures 3E and F. Similarly to CitS, mainly two types of 
projection views of GltS were found. The short axes of the projections were 
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similar as observed for the top-view image of CitS (84 Å), while the long axis was 
significantly shorter (145 Å vs. 160 Å). The difference in shape between the two 
main projections of the GltS particle is smaller than observed for CitS (compare 
Figures 3C,D and 3E,F). The image shown in Figure 3E is somewhat asymmetric 
along the long axis suggesting a slight tilt of particles out of the membrane plane. 
A small constriction in the middle of the projections seems to be present 
suggesting similarity to the kidney-shaped projection of CitS in Figure 3D. 
Overall, the shape and size of the CitS and GltS particles are very similar and 
consistent with a dimeric structure for GltS.  
  44 
DISCUSSION 
 
Single particle EM analysis is not (yet) able to reveal much detail in membrane 
proteins with a mass of around 100 kDa because of the small dimensions, the 
unstructured detergent shell around the proteins, and the low signal-to-noise ratio 
of transmission EM images of biomacromolecules. Nevertheless, the studies of 
the secondary transporters GltT, CitS and GltS by electron microscopy and single 
particle averaging reported here reveal several new insights into the architecture 
of these small proteins. The H
+
-glutamate transporter GltT found in the Gram-
positive bacteria B. stearothermophilus and B. caldotenax (18) appears to have the 
same overall structure as the homologous archaeal transporter GltPh of P. 
horikoshii for which a high resolution crystal structure is available (5). The top-
view image of GltT presented here is the first EM projection structure of a particle 
as small as 140 kDa that is validated by an X-ray structure. The Na
+
-citrate 
transporter CitS and the Na
+
-glutamate transporter GltS found in K. pneumoniae 
and E. coli, respectively, are evolutionary not related to GltT and the images 
clearly demonstrate different overall shapes, indicating different structures. The 
images reveal two-fold symmetry properties consistent with dimeric structures for 
CitS and GltS. The two main views obtained for the CitS particle allowed for 
discrimination between top- and side-views which allows for the reconstruction of 
the shape of the CitS dimer sitting in the membrane (Figure 4). It follows that it is 
feasible to obtain useful 2D projection maps from dimers and trimers of small 
(40-50 kDa) membrane proteins by single particle electron microscopy. Large 
numbers of projections, however, have to be processed. Where sets of about 1000 
projections already may provide useful, trustworthy information for large 
membrane protein complexes, such as F- and V-type ATP synthases and 
photosystems I and II, sets containing 10-100x more projections are required for 
the smaller proteins. With the recent progress in automated data aqcuisition and 
processing this is in practice not a main drawback anymore (36).  
In this study, a total of about 130,000 projections of negatively stained GltT, CitS 
and GltS transport proteins was analyzed by single particle analysis and final class 
sums for all the three particles were obtained (Figure 3). However, the number of 
processed projections, necessary to get consistent details in the projection maps, 
differed considerably between the three transporters. For GltT, a number of 5,000 
was sufficient, while for CitS and GltS numbers were required of 80,000 and 
30,000, respectively. Several reasons may contribute to this difference. One, 
trimeric GltT is a larger particle than dimeric CitS and GltS. Two, for GltT 
essentially only one type of projection was found showing particles in a top-view 
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position, parallel to the membrane plane. No side-views were found. This may be 
caused by the glow-discharge treatment of the grids before preparing electron 
microscopy specimens which enhances the absorption of particles with their 
hydrophilic parts. In case of membrane proteins this favors top-view projections. 
Three, the top-view projections of GltT have a distinct triangular shape, which 
helps tremendously in accurate averaging of small numbers of particles. We have 
found before that large membrane protein complexes that are oval shaped (e.g. 
photosystem I) are much harder to analyze than rectangular shaped complexes 
(e.g. the photosystem II supercomplex) (37). In case of the former several 
thousands of particle projections are needed as a critical minimal number, whereas 
with the latter already a couple of hundred particles give a reliable sum. The 
reason is that unless the accuracy of rotational alignments is within about 1-2º, the 
particle sums smear out. The combination of small size and the rather 
unpronounced overall shape of the CitS and GltS proteins required a much higher 
number of particles to obtain good classes. The criterion used was that a 
continuous and sharp border between the protein and the surrounding negative 
stain should be present after averaging. With initial sets of ~10,000 particles 
classes remained fuzzy. Hence numbers were increased to 80,000 and 30,000, 
respectively. 
Figure 4 presents a schematic of the CitS dimer sitting in the membrane based on 
the top-view and side-view images presented in Figures 3C and 3D. In side-view, 
the CitS dimer would be a particle with a strongly curved surface at one side of 
the membrane and a clear indentation at the other side at the interface of the 
subunits. There is a remarkable similarity between the shape of the CitS dimer and 
the structure of the GltPh trimer of P. horikoshii, the space filling model of which 
is projected on the top-view of the GltT image in Figure 3B. GltPh, a Na
+
-aspartate 
symporter, has a bowl-shaped architecture with an aqueous basin (the indentation 
in CitS) facing the extracellular water phase and significant protein mass 
protruding into the cytoplasm at the center of the complex where the three 
protomers meet (the strongly curved surface of CitS). Each of the subunits of 
GltPh contains a translocation pathway that is accessed by substrate and co-ions 
from the aqueous basin. The translocation pathways are gated by two reentrant 
loops, one at each side of the membrane (38). Two reentrant loops are also a 
prominent feature of structural models of the CitS monomer (15,39). Possibly, 
CitS represents a dimeric version of the gated secondary transporter mechanism 
demonstrated for trimeric GltPh.       
Several lines of evidence suggest that the GltS and CitS proteins share a similar 
fold and translocation mechanism even though they are not related in amino acid 
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sequence (20-22). The similarity between the GltS and CitS images reported here 
is consistent with a similar structure of the proteins. The polypeptides are believed 
to fold into two times 5 transmembrane segments that would form two 
homologous domains with opposite orientation in the membrane (inverted 
topology). In addition to these two domains, the CitS molecule has one 
transmembrane segment at the N-terminus which is absent in GltS. Therefore, in a 
first approximation, the surface area of the particles in top-view may be expected 
to be around 10% smaller for the latter. The shorter long axis of the GltS 
projection in Figure 3E relative to the CitS projection in Figure 3C accounts 
almost completely for this difference, suggesting that in the dimeric structure the 
additional protein mass of CitS is found at the far ends of the long axis. Here it 
could contribute to the protrusions of the protein into the water phase resulting in 
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CitS of Klebsiella pneumoniae and GltS of Escherichia coli are Na
+
-dependent 
secondary transporters from different families that are believed to share the same 
fold and quaternary structure. A 10 kDa protein tag (Biotin Acceptor Domain, 
BAD) was fused to the N-terminus of both proteins (CitS-BAD1 and GltS-BAD1, 
respectively) and inserted in the central cytoplasmic loop that connects the two 
halves of the proteins (CitS-BAD260 and GltS-BAD206). Both CitS constructs 
and GltS-BAD206 were produced and shown to be active transporters, but GltS-
BAD1 could not be detected in the membrane. Distance relationships in the 
complexes were studied by cross-linking studies. Both CitS constructs were 
shown to be in the dimeric state after purification in detergent by cross-linking 
with glutaraldehyde. The concentration of glutaraldehyde resulting in 50 % cross-
linking was significantly higher for CitS-BAD1 than for CitS and CitS-BAD260. 
Remarkably, GltS and GltS-BAD260 were not cross-linked by glutaraldehyde 
because of the lack of productive reactive sites. Cross-linking of GltS was 
observed when the N-terminal 46 residues of CitS with or without BAD at the N-
terminus were added to the N-terminus of GltS. The stretch of 46 residues 
contains the first transmembrane segment of CitS that is missing in the GltS 
structure. The data support an orientation of the monomers in the dimer with the 
N-termini close to the dimer interface and the central cytoplasmic loops far away 
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INTRODUCTION 
 
CitS of Klebsiella pneumoniae and GltS of Escherichia coli are secondary 
transporters catalyzing Na
+
 symport that belong to different families. The Na
+
-
citrate transporter CitS belongs to the 2-hydroxycarboxylate transporter (2HCT; 
TC 2.A.24 (1)) family (2) while the Na
+
-glutamate transporter GltS belongs to the 
Glutamate Sodium Symporter (ESS; TC 2.A.27) family. Members of the 2HCT 
and ESS families are found exclusively in bacteria. No sequence homology can be 
detected between members from the two families, but both families are found in 
the same structural class ST[3] of the MemGen classification (3, 4, 5) implying 
that the members are structurally homologous, i.e. they share the same core 
structure. MemGen class ST[3] contains 32 families of secondary transporters and 
includes the Ion Transporter (IT) superfamily (6). A high resolution 3D structure 
is not available for any member of class ST[3]. Insight into the structure and 
function of class ST[3] proteins comes in addition to sequence analysis mainly 
from studies of CitS and GltS. The structural model of the transporters (Figure 1) 
shows a core of two homologous domains consisting of five trans membrane 
segments (TMS) each that are connected by a large cytoplasmic loop region (7, 8, 
9, 10). The CitS protein and all members of the 2HCT family have an additional 
TMS at the N-terminal end of the core structure, placing the N-terminus in the 
cytoplasm. Members of the ESS family including GltS do not have this additional 
segment and their structure corresponds to the core structure that has the N-
terminus in the periplasm. Other families in class ST[3] are characterized by 
additional TMSs at the C-terminal end. Because of the odd number of helices in 
the two domains that form the core structure, they have opposite orientations in 
the membrane („inverted topology‟), a structural motif that is frequently observed 
in membrane proteins. In between the 4th and 5th TMS in each domain, the 
connecting loop folds back in between the TMSs to form a so-called „pore loop‟ 
or „reentrant loop‟ (11, 12). The reentrant loop in the N-terminal domain enters 
the membrane from the periplasmic side, the one in the C-terminal domain from 
the cytoplasm. Sequence motifs GGXG present in the transporters of both the 
2HCT and ESS families are at the vertex of the reentrant loops and were 
demonstrated to be crucial for the activity of the CitS and GltS proteins (12). 
Recently, evidence was presented suggesting that in the 3D structure, the pore-
loops of the two domains are in close vicinity and overlapping at the interface of 
the two domains (13). The two domains would fold upon each other as the two 
halves of a clam shell with the central cytoplasmic loop forming the hinge at the 
closed side and the N- and C-termini at the open side. It is believed that the two 
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pore loops form the translocation pore and that translocation proceeds through an 
alternate access mechanism (11, 14), involving movement of the two domains 
relative to one another (13). 
In addition to a similar 3D structure, the CitS and GltS proteins also share the 
same quaternary structure. Several techniques were used to demonstrate that the 
proteins are dimeric in the detergent solubilized state (15, 16, 17, 18). Single-
particle electron microscopy yielded projection maps of the dimers showing in top 
view biscuit-shaped particles of dimension 160 x 84 Å and 145 x 84 Å for CitS 
and GltS, respectively.  A side view projection of CitS revealed asymmetry in the 
shape of the protein relative to the plane of the membrane (18). In this study, 
proximity relations of the two monomers in the dimeric structure was studied by 
site-specific tagging of the monomers with the 10 kDa Biotin Acceptor Domain 
(BAD) of the oxaloacetate decarboxylase of Klebsiella pneumoniae (19) followed 
by cross-linking with glutaraldehyde. The approach takes advantage of the 
observation that the GltS monomers could not be cross-linked with glutaraldehyde 
in the dimeric complex. The results place the cytoplasmic loop that connects the 
two domains of the monomers at the end of the long axis of the dimer structure, 































Figure 1. Structural model of class ST[3] transporters. Cilinders represent trans membrane 
segments. The homologous N and C domains were indicated in dashed boxes. VB and XA 
represent reentrant loops. Arrows point at the insertion/fusion sites of the BAD domain in the 
indicated hybrid proteins. Shown is the model for CitS of K. pneumoniae. GltS of E. coli lacks the 





Methods and Materials. Ampicilin was  obtained from Roche Diagnostic GmbH, 
Mannheim, Germany, arabinose from Sigma-Aldrich GmbH, Steinheim, 
Germany, and [1,5-14C]-citrate and L-[14C]-glutamate from Amersham 
Pharmacia, Roosendaal, The Netherlands. 
 
Growth conditions and membrane preparation. CitS and GltS transporters were 
expressed in Escherichia coli strain DH5α under control of the arabinose promoter 
using pBAD24 (Invitrogen) derived plasmids. Freshly transformed bacteria were 
used to inoculate an overnight preculture. Twenty-five mL of preculture was 
added to 1 L of Lysogeny broth (LB) medium containing 50 µg/mL ampicilin in a 
5 L flask  at 37 °C that was under continuous shaking at 200 rpm. At an OD660 of 
0.6, 0.1 % arabinose (Sigma-Aldrich GmbH, Steinheim, Germany) was added to 
induce expression of the transporters after which the culture was allowed to grow 
for an additional hour. Cells were harvested by spinning at 8000 rpm at 4 °C for 
10 min, washed with 50 mL 50 mM KPi, pH 7 at 4 °C and resuspended in the 
same buffer. Cells from a 1 L culture resuspended in 5 mL of buffer containing 1 
μg/mL DNAse were passed three times through a pressure-cell-disrupter at 13.5 
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MPa at 4 °C. Following a low spin at 8000 rpm for 10 min at 4 °C to remove 
debris and unbroken cells, the supernatant was centrifuged at 80000 rpm for 25 
min at 4 °C (high spin). The membrane fraction was resuspended and washed 
once with 50 mM KPi pH 7 buffer containing 1 M NaCl. The membranes were 
resuspended in 1 mL of  50 mM KPi pH 7 buffer and stored in liquid N2 until use.  
 
Construction of plasmids. All genetic manipulations were done in E. coli DH5α 
using standard techniques. Plasmids pBADCitS and pSB260 were described 
before (14, 20). pBADCitS encodes the CitS protein extended with a N-terminal 
His6-tag and an enterokinase cleavage site. pSB260 is a pBlueScript II 
(Stratagene) derivative containing the citS gene with the gene encoding BAD 
inserted in a NcoI restriction site at a position corresponding to amino acid residue 
260 in the CitS sequence. The BAD encoding sequence was excised from pSB260 
and ligated into the unique NcoI site of pBADCitS situated in between the 
enterokinase site and CitS encoding sequences yielding plasmid pCitS-BAD1. 
Plasmid pCitS-BAD260 was obtained by replacing a Bpu1102I-XbaI fragment of 
pBADCitS with the corresponding fragment including the BAD encoding 
sequence of pSB260. 
Plasmids pBADGlts and pN356C encoding the GltS protein and GltS N356C 
mutant, respectively, both extended with a N-terminal His6-tag, were described 
before (10, 12). Plasmid pGltS-BAD1 was obtained by ligation of the BAD 
encoding fragment with NcoI overhangs into the NcoI site of pN356C situated in 
between the His-tag and GltS encoding sequences. Plasmid pGltS-BAD206 was 
obtained in a similar way after introduction of a unique NcoI cleavage site at the 
position of the 206th amino acid in GltS. Plasmid pTMSI-GltS was obtain by 
introducing an additional NcoI site at the position of the 46th amino acid in the 
citS gene, cutting the NcoI fragment from the plasmid and ligating the fragment 
into the NcoI site of pN356C. The second NcoI site was mutated to a NdeI site to 
introduce a TEV cleavage site in the encoded protein by ligating two hybridized 
complementary synthetic primers encoding the TEV site and with NdeI 
overhangs. Plasmid pBAD-TMSI-GltS was obtained by insertion of the BAD 
encoding sequence into the remaining NcoI site of pTMSI-GltS. The GltS 
derivatives containing the TEV protease sites could not be cleaved with the TEV 
enzyme. This feature was not further used in this study.  
Plasmid pBAD was produced by introduction of a NcoI site just in front of the 
stop codon in pGltS-BAD1 followed by restriction with NcoI and relegation. 
pBAD encodes the BAD protein extended with a His-tag at the N-terminus. 
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Purification of CitS and GltS derivatives. CitS and GltS derivatives were purified 
to homogeneity as described before (18). Briefly, transporter proteins were 
solubilized from the membranes by partial extraction. Membranes from a 1 L 
culture incubated for 1 hour at 4°C and under continuous shaking in 50 mM KPi 
pH 7 buffer containing 400 mM NaCl, 10% glycerol and 0.5 % β-dodecyl 
maltoside (DDM). Undissolved membrane material which contained the 
transporter proteins was recovered by spinning at 80000 rpm for 25 min at 4°C. 
The extraction procedure was repeated with the same buffer containing 1% Triton 
X-100 instead of DDM. The transporter proteins were recovered from the 
supernatant after spinning. The supernatant was passed through a 0.2 µm filter and 
applied to a 1 mL bed volume Ni-NTA column (HisTrap HP) in an ÄKTA FPLC 
system. Before, the column was conditioned for 5 min at 1 mL/min flow rate of 
the carrier buffer (50 mM KPi pH 8, 600 mM NaCl, 10% glycerol, 0.03% DDM, 
20 mM imidazole). The loaded column was washed with 10 mL of 6% of the 
elution buffer (50 mM KPi pH 7, 600 mM NaCl, 10% glycerol, 0.03% DDM, 500 
mM imidazole). The proteins were eluted in a linear gradient of 6% to 80% of the 
elution buffer. The OD280 of the eluate wash measured continuously, after which 
the eluate was collected in fractions of 0.5 mL.  
Expression levels of CitS and GltS derivatives in right-side-out (RSO) membrane 
vesicles used in the transport assays were measured by a batch wise partial 
purification procedure (12). RSO membranes were solubilized in 1 mL of 50 mM 
KPi pH 7 buffer containing 400 mM NaCl, 10% glycerol and 1 % Triton X-100 
for 1 hour at 4°C while shaking.  The solubilized material was recovered by 
spinning the samples in an ultracentrifuge at 80000 rpm for 25 min at 4 °C. The 
supernatant fractions were mixed with Ni-NTA beads (50 μL bed volume) 
preconditioned in 50 mM KPi pH 8, 600 mM NaCl, 10% glycerol, 0.1% TritonX-
100 20 mM imidazole and left shaking at 4 °C for 12 hours. The Ni-NTA resin 
was recovered by brief spinning at 4000 rpm at room temperature using a table 
top centrifuge and washed 3 times with the equilibration buffer and once with the 
same buffer containing 40 mM imidazole. Proteins were eluted with 30 µL of 
elution buffer (50 mM KPi pH 7, 600 mM NaCl, 10% glycerol, 0.03% DDM, 250 
mM imidazole) and analyzed by SDS-PAGE.  
 
Transport studies. Right-side-out (RSO) membranes were prepared from a 1 L 
culture by the osmotic shock procedure as described (21). RSO membranes were 
resuspended in 50 mM KPi pH 7.0 and aliquoted in 150 µL portions that were 
stored at -80 °C. Membrane protein concentration in the samples was determined 
by DC protein assay kit (BioRad Laboratories, Hercules, CA). 
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RSO membrane vesicles were diluted to 1 mg/mL in 50 mM KPi pH 6 containing 
100 mM NaCl. When indicated RSO membranes containing the N356C mutant of 
GltS were treated with 1 mM N-ethylmaleimide (NEM) for 10 minutes. The 
treatment was stopped by adding an equimolar concentration of dithiothreitol. 
Aliquots of 100 µL were incubated for 2 min at 30 °C with 10 mM K-ascorbate 
and 100 µM phenazine methosulfate (PMS) under a flow of water-saturated air 




14C]glutamate was added to final concentrations of 4.4 and 2.9 µM, respectively. 
Uptake was stopped at 5, 10, 20, 40, 60 seconds by addition of 2 mL ice-cold 0.1 
M LiCl followed by immediate filtering over cellulose nitrate filter (0.45 µm pore 
size) and washing of the filter with an additional 2 mL of the LiCl solution. Filters 
were collected and their radioactivity was measured in a liquid scintillation 
counter.   
 
Cross-linking studies: for each experiment, a 50 mM glutaraldehyde  solution in 
water was prepared freshly from a stock solution (Grade I, 25% aqueous 
glutaraldehyde solution, Sigma-Aldrich GmbH, Steinheim, Germany) stored at -
20 
o
C. Unless otherwise indicated, protein samples were treated at 2 mM 
glutaraldehyde concentration for 10 min at room temperature. The reaction was 
stopped by making the solution 100 mM in Tris-HCl pH 7 and incubating the 
sample for another 10 min at room temperature after which the samples were 
analyzed by SDS-PAGE (22) using a 12 % polyacrylamide gel and staining with 
Coomassie Brilliant Blue. The intensity of the protein bands was measured using 





Biotin Acceptor Domain (BAD) tagged CitS. The Biotin Acceptor Domain (BAD) 
domain of the oxaloacetate decarboxylase of Klebsiella pneumoniae is a ~10 kDa 
protein moiety. The gene coding for BAD was fused at the 5‟ end and inserted 
into the middle of the Na
+
-citrate transporter gene citS yielding plasmids pCitS-
BAD1 and pCitS-BAD260, respectively. The plasmids code for hybrid proteins 
consisting of the CitS protein with BAD fused at the N-terminus and with BAD 
inserted in the central cytoplasmic loop at position 260 in between the two 
putative domains of CitS, respectively. All constructs contain a His6-tag at the N-
terminus (Figure 2A).   
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Membrane vesicles with a right-side-out (RSO) orientation were prepared from E. 
coli DH5α cells expressing wild-type CitS and the two hybrid proteins and were 
assayed for citrate uptake activity. Membrane vesicles prepared from the host 
strain are completely devoid of citrate uptake activity because of the lack of 
expression of citrate transporters during aerobic growth of E. coli (not shown; 
(23)). The initial rate of uptake of citrate driven by a proton motive force imposed 
by the artificial electron donor system K-ascorbate/PMS of the RSO membranes 
containing the two hybrid proteins was roughly half of the rate observed for those 
containing wild-type CitS (Figure 2B). The level of expression was determined by 
purifying the proteins from the membranes by Ni-NTA affinity chromatography 
using a batch-wise protocol.  SDS-PAGE analysis of the partially purified proteins 
revealed the two hybrid proteins with apparent molecular masses of 50 kDa 
(Figure 2C, lanes 2 and 3) which is about 10 kDa more than the untagged CitS 
protein as expected (lane 1). The intensity of the bands of the two hybrid proteins 
was similar, but both were clearly less intense than observed for wild-type CitS. 
The lower expression level of the two hybrid proteins largely explains the 
difference in citrate uptake activity of the different RSO membrane preparations 
in Figure 2B. Introduction of BAD at the N-terminus and at position 260 of the 
CitS protein does not seem to significantly affect the transport activity of the CitS 
moieties. The result is in line with the positive phenotype of E. coli cells 















































Figure 2. BAD-tagged CitS transporters. A. Schematic representation of CitS-BAD hybrids. h, 
His6-tag. CitSN, N terminal domain of CitS. CitSC, C terminal domain of CitS.   B. Uptake of 
14C-citrate by RSO membranes containing CitS (●), CitS-BAD1 (▲) and CitS-BAD260 (■). 
Membrane protein concentrations were 1 mg/ml. Citrate uptake was expressed in nmol per mg of 
membrane protein in the sample. C. SDS-PAGE of partially purified CitS moieties from the RSO 
membrane vesicles used in the uptake experiment shown in panel B. Lane 1, CitS, lane 2, CitS-
BAD1, lane 3, CitS-BAD260, left lane, marker proteins. Molecular masses were indicated in kDa. 
Arrows at the right (from top to bottom) point at the BAD-tagged CitS moieties and CitS, 
respectively. D. SDS-PAGE analysis after cross-linking of CitS moieties with glutaraldehyde. 
Samples of purified CitS, CitS-BAD1 and CitS-BAD260 were treated with 2 mM glutaraldehyde 
(GA) for 20 min in the presence and absence of 1% SDS as indicated at the bottom. Left lane, 
marker proteins with the molecular masses indicated in kDa. Arrows at the right (from top to 
bottom) points at dimeric CitS-BAD hybrids, dimeric CitS, monomeric CitS-BAD hybrids, and 
monmeric CitS. 
 
Cross-linking of CitS and tagged CitS moieties. The CitS protein was shown 
before to be a dimer in the detergent solubilized state by cross-linking with 
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glutaraldehyde (24). In agreement, treatment of purified CitS with 2 mM 
glutaraldehyde for 10 min shifted the protein band on SDS-PAGE up to a protein 
with an apparent molecular mass of 100 kDa (Figure 2D). Pretreatment of the 
sample with SDS prevented the up shift demonstrating that cross-linking in the 
native state is not the result of collisions between monomeric particles. The two 
hybrid proteins were purified to homogeneity. Similarly as observed for the CitS 
protein, treatment of the hybrid proteins with glutaraldehyde resulted in an up 
shift of the proteins on SDS-PAGE that was not observed with the unfolded 
proteins (Figure 2D). For all cases, treatment with glutaraldehyde resulted in more 
diffuse protein bands occurring, most likely due to the heterogeneity caused by 
random labeling of the protein and/or intramolecular cross-linking. It follows that 
introduction of BAD at the N-terminus and at position 260 of the CitS protein 
does not interfere with the dimeric state of the CitS moieties.  
Using the same conditions, cross-linking of CitS-BAD1 appeared to be less 
efficient than observed for CitS and CitS-BAD260. While the monomeric protein 
band had essentially disappeared in case of the latter two, a significant band was 
still visible in case of the former (see Figure 2D). The observation was further 
substantiated by titration of the cross-linking reaction with increasing 
concentrations of glutaraldehyde. Densitometric analysis of the monomeric and 
dimeric protein bands (Figure 3A) showed that within the accuracy of the 
experiment, the behavior was similar for CitS and CitS-BAD260 with a 
concentration of 0.29 ± 0.05 mM glutaraldehyde giving 50 % cross-linking. In 
marked contrast, the concentration of glutaraldehyde required for 50 % cross-
linking of CitS-BAD1 was significantly higher, 1.2 ± 0.1 mM (Figure 3B). It 
follows that the presence of BAD at the N-terminus of CitS negatively affects the 
cross-linking efficiency while BAD inserted in the central loop has no significant 


















































Figure 3. Titration of cross-linking of CitS and BAD-tagged CitS with glutaraldehyde. A. SDS-
PAGE analysis of purified CitS, CitS-BAD1 and CitS-BAD260 treated with the indicated 
concentration of glutaraldehyde (GA) for 10 min. m, monomeric protein bands. d, dimeric protein 
bands. B. Densitometric analysis of the protein bands corresponding to monomeric and dimeric 
CitS (●,○), CitS-BAD1 (▲,Δ), CitS-BAD260 (■,□). The data points were fitted to a sigmoidal 
curve after which the begin and end points of the curve were set to 100 %.  
 
 
Biotin Acceptor Domain (BAD) tagged GltS. A similar set of hybrid proteins as 
described above for the Na
+
-citrate transporter CitS was constructed with the Na
+
-
glutamate transporter GltS (Figure 4A). The hybrids were constructed using the 
N356C mutant of GltS which was shown to be equally active in accumulating 
glutamate in RSO membranes but completely inactive after treatment with NEM 
(12). The N356C mutant allows for the estimation of the background activity by 
endogenous glutamate transporters encoded on the chromosome of the host cells. 
GltS-BAD1 has BAD fused to the N-terminus and GltS-BAD206 has BAD 
inserted in the cytoplasmic loop of GltS at position 206 which corresponds to 
position 260 in CitS. In addition, a control plasmid was constructed coding for the 
BAD domain with the N-terminal His6-tag. 
Membrane vesicles with the right-side-out (RSO) orientation were prepared from 
E. coli DH5α cells expressing the GltS mutant N356C and the hybrid proteins and 
were assayed for glutamate uptake activity. Mutant N356C and GltS-BAD206 
showed similar uptake activities (Figure 4B). Pretreatment of the membranes with 
NEM reduced the uptake to the activity of endogenous glutamate transporters 
(12). In contrast, membranes containing GltS-BAD1 revealed no significant 
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activity above the level that was observed after treatment of the same membranes 
with NEM. SDS-PAGE analysis of the partially purified proteins revealed that the 
lack of activity of GltS-BAD1 was due to an expression/insertion problem. While 
the N356C mutant and GltS-BAD206 showed up as clear protein bands with 
apparent molecular masses of 35 kDa and 45 kDa, respectively, as expected 
(Figure 4C, lanes 1 and 3) (18), no band could be observed at the expected size for 
GltS-BAD1 (lane 2).  It follows that, similarly as observed for CitS, insertion of 
BAD in the central cytoplasmic loop of the GltS protein did not significantly 
affect the transport activity of the protein, but, in contrast to CitS, BAD fused at 
the N-terminus of GltS in GltS-BAD1 decreased the expression level of the hybrid 
protein. It should be noted that the N-termini of GltS and CitS are located at 
opposite sites of the membrane, in the periplasm and cytoplasm, respectively, and, 
consequently, the BAD moiety in GltS-BAD1 has to be translocated across the 







































































































Figure 4. BAD-tagged GltS transporters. A. Schematic representation of GltS-BAD hybrids. h, 
His6-tag. GltSN, N terminal domain of GltS. GltSC, C terminal domain of GltS. The star indicates 
the N356C mutation in GltS. B. Uptake of 14C-glutamate by RSO membranes containing GltS 
(●), GltS-BAD206 (▲) and GltS-BAD1 (■,□) before (■) and after (□) treatment of the membranes 
with 1 mM NEM for 10 min. Membrane protein concentrations were 1 mg/ml. Glutamate uptake 
was expressed in nmol per mg of membrane protein in the sample. C. SDS-PAGE of partial 
purified GltS moieties from the RSO membrane vesicles used in the uptake experiment shown in 
panel B. Lane 1, GltS, lane 2, GltS-BAD1, lane 3, GltS-BAD206, left lane, marker proteins. 
Molecular masses were indicated in kDa. Arrows at the right (from top to bottom) point at the 
BAD-tagged GltS moieties and GltS, respectively. D. SDS-PAGE analysis after treatment of 
purified GltS (left), GltS-BAD206 (middle) and the BAD protein (right) with 2 mM 
glutaraldehyde (GA) for 20 min in the presence and absence of 1% SDS as indicated at the bottom. 
Left lanes, marker proteins with the molecular masses indicated in kDa. Arrows point at the 
monomeric protein bands. 
 
 
Cross-linking of GltS and tagged GltS moieties. The GltS protein was shown to be 
dimeric by binding affinity to Ni-NTA, BN-PAGE, and EM analysis (18) but not 
by cross-linking with glutaraldehyde.  Contrary to expectations, treatment of 
purified GltS protein with 2 mM of glutaraldehyde for 10 min did not result in the 
appearance of dimeric protein on SDS-PAGE (Figure 4D, left panel).  Some 
reduction in the intensity of the monomeric protein band was observed which was 
due to a small fraction of aggregated protein that following treatment with the 
cross-linker did not enter the gel. Pretreatment of the sample with 1% of SDS 
before cross-linking resolved the aggregates. The cross-linking reaction was 
repeated with glutaraldehyde concentrations in the range of 0.1 to 3 mM, but 
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linking of GltS was considered to be due to the lack of suitable cross-linking sites 
on the protein which might be provided by the BAD moiety added to GltS in the 
hybrid GltS-BAD206 protein. To exclude the possibility that BAD would drive 
dimerization of the hybrid, the domain was purified and treated with 
glutaraldehyde. Under the conditions of the experiment, BAD was a monomeric 
protein (Figure 4D, right panel). Treatment of purified GltS-BAD206 with 
glutaraldehyde under the same conditions did not show any cross-linking to the 
dimer. Like for untagged GltS, a slight reduction of the intensity of the monomer 
was observed and aggregated material appeared (Figure 4D, middle panel). In all 
cases, the aggregates resolved in the presence of 0.1 % SDS. It follows that 
insertion of the 10 kDa BAD domain in the central loop connecting the N and C 
domains of GltS does not promote cross-linking of the GltS complex.   
The citrate transporter CitS carries an extra TMS at the N-terminus which is not 
present in the glutamate transporter GltS. In construct TMSI-GltS, the first TMS 
of CitS including the adjacent loop regions were fused to the N-terminus of the 
N356C mutant of GltS (Figure 5A). Construct BAD-TMSI-GltS has, in addition, 
the BAD domain fused to the N-terminus and corresponds to the GltS version of 
the CitS-BAD1 construct. Transport assays in RSO membranes containing the 
TMSI-GltS construct showed a significantly higher uptake activity than after 
treatment of the same membranes with NEM (Figure 5B). The activity was ~20% 
of membranes containing wild-type GltS which was mainly due to a lower level 
of expression (not shown). In contrast to wild-type GltS, a significant fraction of 
the protein could be cross-linked to the dimeric form by treatment with 
glutaraldehyde (Figure 5C). The BAD-TMSI-GltS construct revealed ~50 % of 
the activity of wild type GltS in RSO membranes (Figure 5B) with a comparable 
level of expression (not shown). Treatment of the hybrid protein with 
glutaraldehyde resulted in the appearance of a cross-linked product (Figure 5D). 
Titration of the reaction with increasing concentration of glutaraldehyde indicated 
that the concentration required to give 50 % cross-linking was between 1 and 1.5 
mM which is in the same range as observed for cross-linking of CitS-BAD1 
(Figure 3). The cross-linked product has an apparent molecular mass that is more 
than twice the apparent mass of the monomeric species. However, since in the 
titration no intermediate bands were observed it is concluded that the cross-linked 
product is dimeric. The slow mobility must be a consequence of aberrant behavior 
of the cross-linked dimer on SDS-PAGE. It follows that addition of the first TMS 
of CitS with or without a fused BAD moiety at the N-terminus of GltS allows for 












Figure 5. Fusions of TMSI of CitS to the GltS transporter. A. Schematic representation of the 
TMSI-GltS and BAD-TMSI-GltS hybrids. h, His6-tag. BAD, BAD domain. H0, N-terminal plus 
TMSI of CitS. t, TEV protease cleavage site. The star indicates the N356C mutation in GltS. B. 
Uptake of 14C-glutamate by RSO membranes containing TMSI-GltS (●,○) and BAD-TMSI-GltS 
(■,□) before (●,■) and after (○,□) treatment of the membranes with 1 mM NEM for 10 min. 
Membrane protein concentrations were 1 mg/ml. Glutamate uptake was expressed in nmol per mg 
of membrane protein in the sample. C. SDS-PAGE analysis after treatment of partially purified 
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indicated at the bottom. Right lane, marker proteins with the molecular masses indicated in kDa. 
D. SDS-PAGE analysis of partially purified BAD-TMSI-GltS treated with the indicated 
concentrations of glutaraldehyde (GA) for 10 min in the presence and absence of 1% SDS as 
indicated at the bottom. Left lane, marker proteins. Arrows from top to bottom point at the dimeric 





The projection structure of the secondary transporters CitS and GltS obtained by 
electron microscopy and single particle averaging reported before gave several 
new insights into the architecture of these relatively small proteins (18). EM 
analysis of purified CitS of K. pneumoniae revealed two dominant classes of 2D 
projection maps which were interpreted as representing top and side views of the 
protein. The top view showed a biscuit-shaped particle with a long axis of about 
twice the length of the short axis (Figure 6, top). In side view, CitS was kidney-
shaped. The shapes and sizes were consistent with a homodimeric particle with an 
indentation at one side of the membrane at the interface of the subunits that would 
be formed by the short axis. The EM images of the GltS protein of E. coli 
revealed the same overall shape as observed for CitS but no clear discrimination 
between top and side views was obtained. The goal of the present study was to 
determine the relative orientation of the monomers in the dimeric structure by 
determining the position of the N-termini and the central loops that connect the 
two putative domains in the monomers. Distance relationships were inferred by 
tagging the N-terminus and central loop with the biotin acceptor domain (BAD) of 
the oxaloacetate decarboxylase of K. pneumoniae and determining their effect on 
cross-linking of the monomers in the dimers by glutaraldehyde. Hybrids CitS-
BAD1 (N-terminus), CitS-BAD260 (central loop) and GltS-BAD206 (central 
loop) were active in Na+-dependent transport (Figures 2 and 4) indicating that the 
transporter parts of the proteins had retained their native structure. The data 
support a relative orientation of the monomers with the N-termini close to the 
dimer interface and the central loops distant at the ends of the long axis (Figure 6, 
bottom). 
Support for the relative positions of the central loop and N-terminus in the dimeric 
complex was obtained from the cross-linking studies of CitS and GltS in several 
ways. Monomeric glutaraldehyde is a bivalent unspecific cross-linker that in 
proteins preferentially reacts with the ε-NH2 group of lysine residues, but, for 
instance, also with the N atom of peptide bonds (25). The CitS dimer solubilized 
in detergent solution was readily cross-linked by glutaraldehyde (13), but, 
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surprisingly, GltS was not while its dimeric state was demonstrated using other 
techniques (18); this study). The different cross-linking behavior of GltS and CitS 
may reflect the different amino acid sequences of the two proteins, but also be 
related to the extra TMS and adjacent cytoplasmic N-terminus present at the N-
terminal side of the core structure of CitS that is absent in GltS (see Figure 1). 
Titration of the cross-linking of CitS by increasing concentrations of 
glutaraldehyde suggested the latter view. The concentration of glutaraldehyde 
needed to obtain 50% cross-linking was raised by a factor of four when BAD was 
fused to the N-terminus of CitS (Figure 3). Clearly, the presence of the BAD 
domain hinders the cross-linking, most likely by covering up the sites in CitS that 
result in cross-linking in the absence of BAD. The cross-linking sites of the 
untagged CitS would have to be close to BAD, i.e. close to the N-terminus. The 
cross-linking of GltS when BAD plus the first TMS of CitS was fused at its N-
terminus, a chimera that was active in glutamate transport, is in agreement with 
this view (Figure 5C). The similar concentration of glutaraldehyde required to 
obtain 50% cross-linking suggests a similar relative position of the two BAD 
moieties as in the CitS-BAD1 dimer (Figure 5D). Further evidence for close 
proximity of the N-termini in the dimer was obtained by the cross-linking of the 
GltS dimer when TMS1 of CitS was fused at the N-terminus which places the N-
terminus of the construct in the cytoplasm (Figure 4C). The latter construct 
expressed poorly but significant activity of the TMSI-GltS hybrid could be 
demonstrated.  The complementary experiment in which TMS1 plus the N-
terminal residues of CitS were deleted failed because no expression of the deletion 
mutant was obtained (not shown). Nevertheless, together these experiments 
suggest that the N-termini of CitS and TMSI-GltS are close to the dimeric 
interface allowing cross-linking of the monomers by glutaraldehyde. Equally 
important was the lack of effect on cross-linking when BAD was inserted in the 
central cytoplasmic loop. No significant difference was observed between the 
concentrations of glutaraldehyde to obtain 50% cross-linking for CitS and CitS-
BAD260, suggesting no contribution of BAD to the cross-linking (Figure 3). Also 
no cross-linking of GltS was observed when BAD was inserted in the central loop 
yielding GltS-BAD206. Apparently, the BAD moieties in the central loop are to 
far away to result in cross-linking.                 
The structural model for the monomeric subunits of CitS and GltS consists of two 
homologous domains with the substrate and co-ion translocation sites at the 
interface of the two domains (2). Strong support for the model was recently 
obtained by demonstrating cross-linking between the pore-loops situated between 
the 4th and 5th TMS in each domain (24). In a simple three dimensional model, 
  70 
the two domains would fold upon each other like a clam shell with the central 
loop that connects the two domains forming the hinge at the „closed‟ side of the 
monomer and the N- and C-terminal ends at the opposite „open‟ side. In the dimer 
structure, the monomers could be oriented „closed-to-closed‟ or „open‟ to „open‟. 
The present results favor the latter orientation with the „closed‟ sides of the 
monomers in the EM projection structure positioned at the end of the long axis to 
far away to contribute to cross-linking and the „open‟ sides in close vicinity at the 
dimer interface (see the model in Figure 6, bottom).   
Recently, we constructed an artificial GltS transporter (GltS
swap
) in which the two 
domains in the monomer were swapped by disconnecting the central loop and 
reconnecting the domains by a linker between TMS1 and TMS10 (24). The new 
„central loop‟ (i.e. the linker) resides in the periplasm rather than the cytoplasm. 
GltS
swap
 with a 19 residue long linker was equally active as wild type GltS, but, in 
the context of the present study, even more surprisingly, the protein was readily 
cross-linked by glutaraldehyde (13) while wild type GltS is not. This strongly 
suggests that cross-linking proceeds via the linker sequence in agreement with the 
above conclusion that the N- and C-termini would be close to the dimer interface. 
Most likely, peptide bond N atoms provided the sites for cross-linking since the 
linker did not contain lysine residues. In the structural model, the periplasmic 
linker of GltS
swap
 and the endogenous central loop of wild type GltS would be at 
the same relative positions in a top view projection structure but at different sides 
of the membrane. The marked difference in contribution to cross-linking may 
reflect (i) the structural asymmetry in the dimer relative to the plane of the 
membrane (side view; (18)) or (ii) a defined structure of the wild type central loop 















Figure 6. Relative orientation of the subunits in dimeric CitS and GltS. Schematic top view 
structures of dimeric wild type CitS (top), CitS-BAD206 (bottom left) and CitS-BAD1 (bottom 
right). Top view was defined as perpendicular to the membrane. The „closed‟ and „open‟ sides of 
the clam shell model of one subunit were indicated. The connection at the „closed‟ side is formed 
by the central cytoplasmic loop. The N- and C-termini are positioned at the „open‟ side. Dimension 
are based upon EM projection structures. Vertical and horizontal dashed lines indicate subunit and 






The two domains of monomeric CitS and GltS fold upon each other like a clam 
shell with the connecting cytoplasmic loop forming the hinge region at the 
„closed‟ side. The CitS monomers in the dimer were readily cross-linked by 
glutaraldehyde, in contrast to GltS that was not cross-linked at all. Tagging the 
cytoplasmic loop with BAD had no effect on cross-linking efficiency, suggesting 
that the cytoplasmic loops (the „hinges‟) are located at opposite sides of the dimer. 
Tagging the N-terminus of CitS with BAD or GltS with TMS1 of CitS (with or 
without BAD) affected cross-linking of both transporters; CitS by covering up 
suitable sites, thus decreasing cross-linking efficiency and GltS by supplying 
  72 
suitable sites, thus making cross-linking possible. This suggests that the N-termini 
are located in close vicinity and that they are at the „open‟ sides of the monomers 
that form the dimer interface. Together, the distances of the two cytoplasmic loops 
and the two N-termini indicate that the relative orientation of the monomers in the 
dimer is „open-to-open‟.  
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GltS of Escherichia coli is a secondary transporter that catalyzes Na
+
-glutamate 
symport. The affinity constant for glutamate in proton motive force driven uptake 
in right-side out membrane vesicles was Km = 13.5 ± 3.5 μM at a Na
+
 
concentration of 10 mM. Initial rates of uptake increased sigmoidally with 
increasing Na
+
 concentration with a value of K0.5 = 5.8 ± 0.5 mM giving half the 
maximal rate. Insertion of the 10 kDa biotin acceptor domain (BAD) of 
oxaloacetate decarboxylase of Klebsiella pneumoniae at residue position 206 in 
the central cytoplasmic loop of GltS did not significantly change these parameters 
but, surprisingly, the maximal rate of uptake was increased 2.7-fold. The 
structural model of GltS shows two  homologous domains with inverted 
membrane topology that are connected by the central cytoplasmic loop. Each 
domain contains a reentrant loop structure. The reactivity with thiol reagents 
added at the periplasmic side of the membrane of mutant transporters with 
residues P351 and N356 in the reentrant loop in the C-domain replaced by Cys 
was demonstrated to be sensitive to the catalytic state. In the presence of 
saturating concentrations of the substrate L-glutamate, both mutants were 
protected against inactivation by N-ethylmaleimide (NEM) and the P351C mutant 
against inactivation by 4-acetamido-4‟-maleimidylstilbene-2,2‟-disulfonic acid 
(AmdiS). In contrast, the presence of the co-ion Na
+
 stimulated the inactivation of 
both mutants. Insertion of BAD in the central loop blocked the access pathway to 
the cysteine residue in mutant P351C completely from either side of the 
membrane. Insertion in the N356C mutant required significantly higher 
concentrations of NEM for inactivation and the effect of the presence of Na
+
 was 
opposite; the insertion mutant was protected at high Na
+
. It is concluded that 
changes in the central loop that connects the two domains may have a regulatory 
function in the activity of the transporter. Insertion of BAD results in 
conformational changes at the translocation site that lower the activation energy 
of the isomerization step without affecting the access pathway from the 
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INTRODUCTION 
 
Escherichia coli K-12 grows on L-glutamate as a sole carbon and nitrogen source. 
Transport into the cell is mediated by three glutamate transport systems, an ABC 
transport system specific for glutamate and aspartate and two secondary 
transporters, the proton symporter GltP and the Na+ symporter GltS (1, 2, 3, 4). 
GltP is a member of the DAACS family (Dicarboxylate/Amino Acid:Cation 
Symporter; TC 2.A.23) (5, 6) while GltS belongs to the ESS family (Glutamate 
Sodium Symporter; TC 2.A.27) of secondary transporters. Members of the ESS 
family are exclusively found in the bacterial domain. GltS has high affinity for L-
glutamate, but, with a lower affinity, also transports D-glutamate, α–
methylglutamate, and homocysteic acid. Glutamate uptake activity by GltS was 
observed only in the presence of Na+, irrespective of the pH, suggesting an 
obligatory coupling of glutamate and Na+ translocation (7). The exact 
physiological function of each of the three transport systems is not known, but it 
is likely that they function under different conditions which requires some means 
of regulation of their activity either at the genetic or at the protein level. 
Hydropathy profile analysis suggested that transporters of the ESS family share 
the same structure with transporters of the 2HCT family [2-HydroxyCarboxylate 
Transporter, TC 2.A.24 (8)], another family found only in bacteria and specific for 
2-hydroxycarboxylates like citrate, malate and lactate (MemGen structural 
classification, class ST[3]) (9, 10). Transporters from the two families do not 
share significant sequence identity. Experimental evidence for the structural 
similarity has been presented (11, 12, 13) and the structural model of the 
transporters in class ST[3] is largely based on studies of GltS of E. coli and the 
Na+-citrate symporter CitS of Klebsiella pneumoniae from the ESS and 2HCT 
families, respectively. The transporters also share a dimeric quaternary structure 
(14, 15). 
Figure 1 represents the structural model of the core of the transporters in structural 
class ST[3] which is the same as the model for GltS of E. coli (8). Transporters in 
other families may have additional transmembrane segments (TMS) at the N- or 
C-terminus. The core structure consists of two domains sharing the same fold and 
consisting of 5 TMS each (16, 17). The two domains have opposite orientations in 
the membrane, an architecture that is frequently observed in membrane proteins 




Figure 1. Topology model of class ST[3] transporters. The membrane topology of GltS of E. 
coli is shown which is representative for the core structure of class ST[3] transporters. Cylinders 
represent trans membrane segments. The homologous N and C domains that have opposite 
orientation in the membrane were indicated in dashed boxes. VB and XA represent the reentrant 
loops in the N- and C-domain, respectively. Black dots point at the positions of mutation P351C 
and N356C introduced by site directed mutagenesis. The open square points at position 206, the 
insertion site of the BAD domain in the hybrid version of the GltS protein. 
 
The N-termini of the N- and C-domain are in the periplasm and cytoplasm, 
respectively, and the two are connected by a large cytoplasmic loop. Strong 
evidence for the two domain structure was obtained recently by swapping the 
order of the N- and C-domain encoding parts of the gltS gene. The engineered 
gene encoded a transporter GltS
swap
 with similar activity as GltS (20). In addition, 
transport activity was recovered by expressing the two domains as separate 
proteins from an artificial operon (GltS
split
). In the model, the domains contain a 
reentrant loop structure positioned in between the 4th and 5th TMS that are 
believed to be involved in catalysis (12, 21, 22). A mutational study of the GGXG 
motif found in the reentrant loops of GltS and CitS showed the functional 
importance of the loops (8). When replaced by a Cys residue, only a single residue 
in the reentrant loops in the C-domains of GltS and CitS (Pro351 and S405, 
respectively) was accessible from the periplasmic side by a bulky membrane 
impermeable thiol reagent (12). In the 3D-structure, the two domains are believed 
to fold upon each other with the two reentrant loops forming the translocation 
pathway (23).  
Translocation of substrate and co-ions by this class of transporters is believed to 
follow an alternate access mechanism in which movement of the two domains 
relative to one another results in alternate access of the binding sites positioned at 
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Here, a potential role of the cytoplasmic loop that connects the two domains in 
regulation of the activity of the transporters is suggested by demonstrating that an 
insertion of a 10 kDa protein in the loop increases the transport rate and effects 
the accessibility of Pro351 at the vertex of the reentrant loop and of the nearby 






Growth conditions and membrane preparation. GltS and GltS derived transporters 
were expressed in Escherichia coli strain DH5 under control of the arabinose 
promoter using pBAD24 (Invitrogen) derived plasmids. Freshly transformed 
bacteria were used to inoculate an overnight preculture. Twenty-five mL of 
preculture was added to 1 L of Luria Broth (LB) medium containing 50 g/mL 
ampicilin in a 5 L flask  at 37 °C that was under continuous shaking at 200 rpm. 
At an optical density of OD660=0.6 0.1% w/v arabinose (Sigma-Aldrich GmbH, 
Steinheim, Germany) was added to induce expression of the transporters after 
which the culture was allowed to grow for an additional hour. Cells were 
harvested by spinning at 8000 rpm at 4 °C for 10 min, washed with 50 mL 50 mM 
KPi, pH 7 at 4 
o
C and resuspended in the same buffer. 
Cytoplasmic membranes were isolated by breaking cells resuspended at high 
density in 100 μL and on ice with a Soniprep 150 sonicator operated at an 
amplitude of 10 μm and using 15 cycles of 15 s ON and 15 s OFF. Cell debris and 
unbroken cells were removed by spinning for 5 min at 13 000 rpm at 4 °C. 
Membranes were collected from the supernatant by ultracentrifugation for 25 min 
at 80 000 rpm at 4 °C.  
Right-side-out (RSO) membranes were prepared from a 1 L culture by the 
osmotic shock procedure as described (24). RSO membranes were resuspended in 
50 mM KPi pH 7.0 and aliquoted in 150 µL portions that were stored at -80 °C. 
Membrane protein concentration in the samples was determined by DC protein 
assay kit (BioRad Laboratories, Hercules, CA). 
 
Construction of plasmids. All genetic manipulations were done in E. coli DH5α 
using standard techniques. Plasmids pGltS, pGltS P351C and pGltS N356C 
encode the wild type GltS protein and the GltS mutants P351C and N356C, 
respectively. The constructs that encode GltS variants extended with a N-terminal 
His6-tag were described before (11, 12). Plasmid pGltS-BAD206 encodes the GltS 
protein with the Biotin Acceptor Domain (BAD) of oxaloacetate decarboxylase of 
K. pneumoniae inserted at position 206 of wild type GltS was described before 
(15).   
Plasmid pGltS-BAD206 was mutated to introduce mutations P351C and N356C 
in the BAD insertion variant of GltS yielding plasmids pGltS-BAD206 P351C 
and pGltS-BAD206 N356C. The mutants were constructed by PCR using the 
QuickChange site-directed mutagenesis kit (Stratgane, La Jolla, CA). The 
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presence of the mutations was confirmed by DNA sequencing (Service SX, 
Leiden, The Netherlands). 
 
Expression levels of GltS and GltS derivatives were estimated from the staining 
intensity of the partial purified proteins after SDS-PAGE. Samples of RSO 
membranes or cytoplasmic membranes obtained by sonication and containing 
between 0.5 -1 mg of membrane protein were solubilized in 1 mL of 50 mM KPi 
pH 7 buffer containing 400 mM NaCl, 10% glycerol and 1 % Triton X-100 for 1 
hour at 4°C while shaking gently. Solubilized proteins were recovered by spinning 
for 25 min at 4 ºC in a Beckman TLA 100.4 rotor at 80,000 rpm. The supernatant 
was applied to a 50 µL bed volume Ni-NTA resin equilibrated with 50 mM KPi 
pH 8 buffer containing 600 mM NaCl, 10% glycerol, 0.1% Triton X100, and 30 
mM imidazole and left overnight at 4 °C while shaking. Next, the resin was spun 
down in a table centrifuge for 1 min at 3500 rpm and the supernatant was 
removed. Subsequently the resin was washed 2 times with equilibration buffer and 
1 time with the same buffer but containing 40 mM imidazole. Proteins were eluted 
with 50 µL of 50 mM KPi pH 7 buffer containing 600 mM NaCl, 10% glycerol, 
0.1% TritonX, 500 mM imidazole and analyzed by SDS-PAGE. Staining intensity 
of the appropriate bands was visualized and quantified using a Fujifilm LAS-4000 
image analyzer (Fuji).  
 
Transport studies. RSO membrane vesicles were diluted to 1 mg/mL in 50 mM 
KPi pH 6 containing 10 or 100 mM NaCl as indicated. Aliquotes of 100 µL were 
incubated for 2 min at 30 °C with 10 mM K-ascorbate and 100 µM phenazine 
methosulfate (PMS) under a flow of water-saturated air and continuous stirring 




C]glutamate was added to final 
concentrations of 2.2 and 2.9 µM, respectively. Uptake was stopped at 5, 10, 20, 
40 seconds by addition of 2 mL ice-cold 0.1 M LiCl followed by immediate 
filtering over cellulose nitrate filters (0.45 µm pore size) and washing of the filter 
with an additional 2 mL of the LiCl solution. Filters were collected and their 
radioactivity was measured in a liquid scintillation counter. Background activities 
due to the chromosomal copy of the gltS gene were determined in parallel 
experiments by the uptake activity of membranes treated with an excess of NEM 
(GltS-P351, GltS-N356C and BAD206-N356C) or by the uptake of membrane 
vesicles derived from cells containing the empty vector (BAD206-P351).  
 
Labeling studies. RSO vesicles were incubated for 5 min at room temperature in 





 salt) and Na
+
 (chloride salt). The samples were treated with 1 mM 
of NEM or 0.25 mM of AmdiS for 10 min unless otherwise stated. The thiol 
reagent solutions were prepared freshly. The treatment was stopped by addition of 
10 mM DTT. Subsequently, the membranes were collected by spinning at 7000 
rpm for 5 min at 4 ºC, followed by resuspension and 3 times washing in 50 mM 
KPi pH 7 buffer. RSO membranes were resuspended in 50 mM KPi pH 6 
containing 100 mM NaCl. Control samples were included that were not treated 
with the thiol reagents but with and without L-glutamate. Rates of uptake in these 
sample were comparable, indicating efficient removal of L-glutamate by the 
washing procedure. 
Cells expressing the GltS variants were treated in the same way, followed by a 
second treatment with 0.1 mM fluorescent maleimide (FM) for 1 min at 20 ºC. 
The reaction was stopped with 1 mM DTT and the cells were washed twice with 
50 mM KPi pH 7 buffer. Direct labeling of the proteins by FM was done in the 
same way but the first labeling step with NEM or AmdiS was omitted. Following 
purification and SDS-PAGE, the fluorescence intensity of the bands was 
visualized using a Fujifilm LAS-4000 image analyzer (Fuji).  
 
Materials. Ampicilin was  obtained from Roche Diagnostic GmbH, Mannheim, 




C]-glutamate from Amersham Pharmacia, Roosendaal, The 
Netherlands. 




Kinetics of L-glutamate uptake by RSO membranes containing GltS and GltS-
BAD206. Before (15), the biotin acceptor domain (BAD) of the oxaloacetate 
decarboxylase of Klebsiella pneumoniae, a 10 kDa protein, was inserted at 
position 206 in the central loop of the Na
+
-dependent glutamate transporter GltS 
(see Figure 1) for cross-linking studies. Transport activity of GltS-BAD206 and 
the wild type transporter was measured by the rate of uptake of radiolabeled L-
glutamate by right-side-out (RSO) membrane vesicles derived from E. coli DH5α 
producing the proteins with 6 histidine residues added at the N-terminus (His6-
tag). RSO membrane vesicles rather than whole cells were used to prevent further 
metabolism of the substrate following uptake. L-glutamate uptake was driven by a 
proton motive force that was generated using the artificial electron donor system 
ascorbate/PMS (25). Membrane vesicles prepared from the host cells contain a 
low level of Na
+
-dependent L-glutamate transport activity due to expression of the 
gltS gene encoded on the chromosome. Background activity was approximately 
20-25 % of membranes containing in addition plasmid encoded GltS [Figure 2A, 
(11, 12)]. RSO membranes containing GltS-BAD206 took up L-glutamate with an 
initial rate that was within experimental error the same as the rate observed with 
membranes containing wild-type GltS (Figure 2A).  
To determine the specific activity of the insertion mutant relative to wild-type 
GltS, the expression levels and quality of the membranes were determined. The 
latter was inferred from pmf driven uptake of radiolabeled proline by an 
endogenous transporter using the same batch of membranes under the same 
conditions (Figure 2B). Initial rates of uptake of proline by the membranes 
containing the plasmid encoded GltS and GltS-BAD206 transporters were not 
significantly different, while the control membranes took up proline at a 3-fold 
higher rate. It follows that the contribution of the endogenous GltS transporter to 
the L-glutamate uptake rates (Figure 2B) by the former two types of membranes is 
largely overestimated and amounts to less than 10%. The latter result is in 
agreement with experiments where the background rate was estimated by 
inactivating a mutant GltS (15). More importantly, it follows that membranes 
derived from cells overexpressing GltS or GltS-BAD206 are of comparable 
quality allowing for a direct comparison of the activity of the transporters in the 
two types of membranes. The His-tagged GltS proteins were partially purified by 
Ni
2+
-NTA affinity chromatography from the same batch of RSO membranes used 
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in the uptake experiments. Densitometric analysis of the intensity of the 
























Figure 2. Effect of insertion of the BAD domain in the central loop on L-glutamate uptake 
activity of GltS. A,B. RSO vesicles expressing GltS (■), GltS BAD206 (□) or control vesicles 
(▲) were assayed for L-glutamate (A) and proline (B) uptake activity. C. SDS-PAGE of GltS 
(lane 1) and GltS BAD206 (lane 2) partially purified from the same batch of vesicles used in the 
uptake experiments shown in panels A and B. Molecular masses of marker proteins (lane M), 
masses were indicated in kDa. D. Relation between uptake activity and expression of GltS (■) and 
GltS BAD206 (□) in RSO membranes. L-glutamate uptake was measured in RSO membranes 
isolated from cells induced with 0, 0.001 and 0.1 % (w/v) of arabinose. Expression levels were 
determined densitometrically after partial purification of the transporter proteins from the same 
RSO membranes followed by SDS-PAGE. The insert shows the CBB stained gel.   
 
revealed an intensity ratio of GltS over GltS-BAD206 of 2.2 (Figure 2C). 
Assuming the same staining efficiency of GltS and the BAD domain and taking 
into account the different molecular masses of GltS and GltS-BAD206 (43.5 and 
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membranes would be a factor of 2.7 lower. The relation between uptake activity 
and amount of transporter protein in the membranes was determined by preparing 
RSO membranes from cells harboring the appropriate plasmid that were induced 
with 0, 0.001 and 0.1 % arabinose in the medium (Figure 2D). Induction with 0.1 
% arabinose corresponds to the standard growth condition. No protein was 
detected with the uninduced cells. For both GltS and GltS-BAD206 linear 
relations were obtained that extrapolated back to an initial rate of 0.25 
nmol/min.mg which corresponds to the uptake activity of the uninduced cells. It 
follows that for both types of membranes, uptake activity was proportional to the 
amount of plasmid encoded protein in the membrane. In conclusion, the specific 
activity of GltS-BAD206 was 2.7 times higher than observed for wild type GltS at 
concentrations of L-glutamate and Na
+
















Figure 3. Kinetic parameters of GltS in RSO membranes.  The initial rate of uptake of L-
glutamate at a concentration of 2.9 μM in RSO membranes expressing GltS was measured at the 
indicated Na
+
 concentrations. The K0.5 for Na
+
 was 5.8 ± 0.5 mM. Inset, L-glutamate dependent 
kinetics of the same membranes at a concentration of 10 mM of Na
+
.  The affinity for glutamate 
was KM= 13.5 ± 3.5 µM. 
 
In the presence of 10 mM Na
+
, the total initial rate of L-glutamate uptake at 
increasing L-glutamate concentrations in the range between 2.9 and 52.9 μM 
followed a saturation curve with an affinity constant KM of 13.5 ± 3.5 μM and a 
maximal rate of 15.0 ± 1.6 nmol/min.mg of membrane protein for membranes 
containing wild type GltS (Figure 3, insert). The affinity constant was a factor of 


































































concentration of 2.9 μM, initial rates increased sigmoidal with increasing 
concentrations of Na
+
 covering a range between 0.1 and 100 mM (Figure 3). The 
rate was half the maximal rate at a Na
+
 concentration of 5.8 ± 0.5 mM. The 
sigmoidal curve indicates that more than one Na
+
 ions are symported with the L-
glutamate anion, in agreement with the electrogenic nature of transport reported 
before (7).  The same analysis with membranes containing the GltS-BAD206 
insertion mutant yielded an affinity constant for L-glutamate that was not 
significantly different than observed for the wild type, KM=15.0 ± 3.0 μM (Table 
1).  
 
















GltS 13.5 ± 3.5 5.8  ± 0.5 1 






 concentration of 10 mM 
b
 L-glutamate concentration of 2.9 μM 
c




 concentration giving half the maximum rate was within the error 
observed for the wild type, K0.5 =5.6 ± 0.3 mM. For both analyses, no correction 
for the background activity was applied because the difference between the 
parameters was not significant. Since the kinetic parameters of wild type GltS and 
the insertion mutant GltS-BAD206 are similar within experimental error, it 
follows that insertion of the BAD domain in the cytoplasmic central loop of GltS 
results in a 2.7-fold increase of the maximal turnover rate per GltS molecule 
(Table 1) 
 
Inactivation of reentrant loop mutants P351C and N356C by thiol reagents. 
Residues Pro351 and Asn356 of GltS were replaced with Cys residues before (12) 
as part of a cysteine scanning mutagenesis study of the putative cytoplasmic 
reentrant loop in the C-terminal domain of GltS (see Figure 1). In a stretch of 18 
residues, mutation of residues Pro351 and Asn356 to Cys rendered the transporter 
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sensitive to inactivation by the membrane permeable thiol reagent N-
ethylmaleimide (NEM). In addition, P351C was also inactivated by membrane 
impermeable 4-acetamido-4‟-maleimidylstilbene-2,2‟-disulfonic acid (AmdiS) 
indicating accessibility of the thiol from the periplasmic side of the membrane. 
Pretreatment of RSO membranes containing the mutants in 50 mM KPi buffer pH 
7 for 10 minutes at increasing concentrations of the thiol reagents followed by 
measurement of the residual activity revealed a much higher sensitivity of the 
P351C mutant than the N356C mutant for inactivation by NEM (Figure 4A,B, 
open bars). Concentrations of NEM as low as 0.1 mM completely inactivated the 
former while a 30-fold higher concentration was needed for complete inactivation 
of the latter. Uptake activities by the membranes were corrected for the 
background activity of the chromosomally encoded wild type GltS that is not 


















Figure 4. Sensitivity of P351C and N356C mutants of GltS to inactivation by NEM and 
AmdiS. RSO membranes containing mutants GltS-N356C and BAD206-N356C (A) and GltS-
P351C and BAD206-P351C (B,C) were treated in 50 mM KPi pH 7 buffer for 10 min with NEM 
(A,B) and AmdiS (C) at the indicated concentrations. Following quenching of the remaining thiol 
reagent by access DTT, washing of the membranes, and resuspension in in 50 mM KPi pH 6 
buffer, residual L-glutamate uptake activity was measured relative to membranes containing the 
same mutant that was treated in exactly the same way, except that the thiol reagents were omitted 























































The sensitivity of the P351C mutant was slightly higher for NEM than for AmdiS 
(Figure 3B,C). Mutant N356C was not inactivated by concentrations of AmdiS as 
high as 3 mM under the conditions of the experiments (not shown).   
Remarkably, insertion of the BAD domain in the central loop of GltS mutants 
P361C and N356C significantly effected the reactivity of the mutants with the 
thiol reagents NEM and AmdiS. Treatment of RSO membranes containing the 
BAD206 variant of the N356C mutant in KPi pH 7 buffer with 1 mM of NEM for 
10 min which resulted in 50 % inactivation of the wt variant had no significant 
effect on the activity of BAD206-N356C (Figure 4A, open and grayed bars). At 3 
mM NEM, the residual activity of the BAD206-N356C mutant was still about 50 
% and only at 10 mM full inactivation was obtained. The protective effect of the 
BAD domain was even more pronounced in case of the P351C mutant. In fact, no 
significant inactivation was observed after treatment of the BAD variant with 
concentrations up to 10 mM of NEM, while the wild type version was inactivated 
completely at a 100-fold lower concentration (Figure 4B). Similarly, BAD206-
P351C was only marginally inactivated by concentrations of AmdiS that were ten 
times higher than the concentration required to inactivate the wild type version 














Figure 5. Protection of GltS-P351C (A) and GltS-N356C (B) mutants by L-glutamate. RSO 
vesicles containing GltS-P351C (A) or GltS-N356C (B) were treated in 50 mM KPi pH 7 buffer 
without (■) and with 0.25 mM AmdiS (A) or 1 mM NEM (B) for 10 min in the presence (▲) or 
absence (●) of 1 mM L-glutamate. The treatment was stopped by the addition of 1 mM DTT. L-
glutamate uptake was measured after extensive washing of the membranes to remove unlabeled L-
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It follows that insertion of the BAD domain in the cytoplasmic central loop of 
GltS makes the residue at the vertex of the putative reentrant loop positioned at 
the periplasmic side (Figure 1) virtually inaccessible for thiol reagents NEM and 
AmdiS. 
 
Effect of substrate L-glutamate and co-ion Na
+
 on inactivation of the P351C and 
N356C mutants. The presence of a saturating concentration of 1 mM L-glutamate 
(KM = 13.5 μM; see Figure 3, insert) protected both the P351C and N356C 
mutants against inactivation by the thiol reagents.  
Treatment of RSO membranes containing the P351C mutant with 0.25 mM of 
AmdiS for 10 min resulted in 78% of inactivation of uptake activity, while the 
presence of 1 mM of L-glutamate during the inactivation essentially completely 
protected the transporter (Figure 5A). Full protection was also observed when 
NEM instead of AmdiS was used as the thiol reagent (not shown).  NEM inhibited 
the N356C mutant catalyzed uptake activity by 62 % when used at a concentration 
of 1 mM of NEM for 10 min, while no inactivation was observed in the presence 
of 1 mM L-glutamate (Figure 5B). In the BAD inserted variant of the N356C 
mutant a similar protection was observed with a concentration of 3 mM NEM (not 
shown).  
The effect of the co-ion Na
+
 on the inactivation of the mutants was measured by 
treating the membranes with the thiol reagents in the presence of 10 mM Na
+
 and 
a saturating concentration of 100 mM of Na
+
 (K0.5 = 5.8 mM; Figure 3). For both 
mutants, the presence of Na
+
 had the opposite effect than the presence of L-
glutamate discussed above. Under the conditions of the experiment and within 
experimental error, AmdiS completely inhibited the P351C mutant in the presence 
of Na
+
 and the same was observed for the inhibition of the N356C mutant by 








Figure 6. Effect of the co-ion Na
+
 on the sensitvity of the P351C and N356C mutants to thiol 
reagents. RSO membranes containing GltS-P351C and BAD206-P351C (A) and GltS-N356C and 
BAD206-N356C mutants were treated with AmdiS or NEM in 50 mM KPi pH 7 buffer containing 
0, 10 and 100 mM NaCl as indicated. GltS-P351C (open bars) and the BAD206-P351C (grayed 
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mM NEM for 10 min and the BAD206-N356C (grayed bars) with 3 mM NEM for 20 min. 
Following the treatment, the membranes were washed and resuspended in 50 mM KPi pH 6 buffer 
containing 10 mM Na
+
. Bars indicate the L-glutamate uptake activity relative to a sample that was 
not treated with the thiol reagents.  
 
Apparently, the presence of Na
+
 increased the sensitivity to the thiol reagents. 
Insertion of the BAD domain in the P351C mutant rendered the mutant insensitive 
to inactivation, also in the presence of Na
+
. The residual activity was down to 80-
90 % under all conditions tested (Figure 6A, grayed bars). This level of 
inactivation is unspecific and due to a small inactivating effect on the pmf 
generating system by the treatment (11, 12). Treatment of the RSO membranes 
containing the BAD206-N356C mutant with 3 mM NEM for 20 min reduced the 
initial rate of uptake down to 26%. In contrast to what was observed with the 
N356C mutant, the presence of Na
+
 protected the insertion mutant against 
inactivation resulting in 48 % and 92 % residual activity in the presence of 10 and 
100 mM of Na
+
, respectively (Figure 6B, grayed bars). It follows that where the 
presence of Na
+
 increases the reactivity of the thiol in the putative renentrant loop 
in the N356C mutant, the opposite effect was observed when the BAD domain is 













Figure 7. Labeling of GltS and the GltS-P351C and GltS-N356C mutants by fluorescein 
maleimide in whole cells. A. Whole cells expressing GltS, GltS-P351C, and GltS-N356C were 
treated for 1 min with 0.1 mM fluorescein maleimide. B. Cells expressing GltS-P351C were 
treated for the indicated times with 0.25 mM AmdiS and in the presence or absence of 1 mM L-
glutamate as indicated. Following quenching and removal of the excess thiol reagent, the cells 
were treated with fluorescein maleimide as described under A. Following the treatment, the 
transporter proteins were isolated from the cells and analyzed by SDS-PAGE. The lower panels 
(CBB) show the CBB stained protein bands, the top panels the fluorescence image of the same 
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Accessibility of reentrant loop mutants P351C and N356C in whole cells. E. coli 
DH5α cells producing GltS and the reentrant loop mutants P351C and N356C 
were treated with the fluorescent thiol reagent fluorescein maleimide to detect 
thiols accessible at the outer cell surface. Following treatment with the label for 
10 min in KPi pH 7 buffer, the proteins were purified from the cells and labeling 
was analyzed by fluorescence imaging of the gel after SDS-PAGE. The three GltS 
alleles showed more or less the same intensity after protein staining (Figure 7A).  
 
Wild type GltS showed no fluorescence indicating that under the conditions of the 
experiment none of the endogenous Cys residues were accessible for fluorescein 
maleimide added to the outside of the cells (13). The same was observed for the 
N356C mutant showing that the Cys residue at the position of Asn356 was not 
accessible as well by this reagent. In contrast, the P351C protein was clearly 
fluorescent indicating that the Cys residue at the position of Pro351 was exposed 
at the external cell surface. Pretreatment of cells containing the P351C mutant 
with membrane impermeable AmdiS prevented subsequent labeling with the 
fluorescent label demonstrating that position 351 was also accessible for the bulky 
and charged AmdiS in whole cells (Figure 7B). The presence of 1 mM of L-
glutamate during the treatment with AmdiS followed by washing of the cells to 
remove L-glutamate did result in fluorescent labeling indicating that the substrate 
protected against AmdiS labeling.   
The results show the same behavior of GltS and the mutants P351C and N356C in 
whole cells and RSO membranes. Thiols of the wild type and N356C mutant are 
not accessible from the outside, in contrast to the thiol at position 351 of the 









The two domains of the transporters in the different families of structural class 
ST[3] in the MemGen classification are connected by a large cytoplasmic loop 
that shows up as a typical dip in the hydropathy profile of the proteins as is seen 
for two-domain transporters in other structural classes as well. The GltS and CitS 
proteins as well as the H
+
/lactose symporter LacY, a major facilitator superfamily 
(MFS) transporter (class ST[1]), have been produced as active „split‟ permeases 
consisting of the two domains as separate proteins which shows that a covalent 
connection between the domains is not essential (23, 20, 26). Nevertheless, in 
nature, such constructs are not observed, suggesting that a loop linking the two 
domains did have some advantage during evolution. This is in contrast to, for 
instance, ABC transporters or phosphoenolpyruvate dependent 
phosphotransferase system transporters where the functional units consist of either 
a single polypeptide containing multiple domains or a complex built from 
different subunits. In some families of class ST[3] secondary transporters, the 
connecting loop is extended and probably folds into a cytoplasmic domain, 
suggesting a possible function of the loop in the activity of  the transporter (16, 
27, 28). In a previous study we noticed that insertion of the 10 kDa biotin acceptor 
domain of K. pneumoniae in the central cytoplasmic loop of GltS, while not 
significantly affecting the uptake activity in RSO membranes under the conditions 
employed, seemed to result in less of the hybrid protein in the membranes (15). A 
detailed analysis presented here, taking into account different effects that might 
contribute to the observed uptake rates showed that the maximal rate of GltS-
BAD206 was a factor of 2.7 higher than observed for GltS while the kinetic 
affinities for L-glutamate and the Na
+
-ions were unaltered. This suggests that the 
wild type transporter protein may not be in the „optimal‟ conformation when 
embedded in the membrane of isolated RSO membrane vesicles. It also suggests 
that changes in conformation of the central loop may be used to modulate the 
activity of the transporter thereby providing a post-translational regulatory 
mechanism for glutamate uptake activity to the cell. Possible effector might be 
cytoplasmic pH affecting the conformation of the central loop or a cellular 
metabolite that binds to the loop.                   
The structural model of GltS shows putative reentrant loops in the N- and C-
terminal domains (Figure 1) that are believed to form (part of) the translocation 
site in the 3D structure. Close vicinity of the two reentrant loops was 
demonstrated by cross-linking studies (23). The present data demonstrates that 
this part of the protein is likely to be involved in the substrate and co-ion binding 
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pocket and supports the involvement of the reentrant loops in catalysis. Cysteine 
scanning mutagenesis of the putative reentrant loop region in the C-domain of 
GltS identified only position 351 in the P351C mutant being accessible to 
membrane impermeable AmdiS suggesting that the residue at this position would 
be the one most exposed to the periplasm and, therefore, be at the vertex of the 
reentrant loop (11). Consequently, Asn356 would be in the ingoing stretch, inside 
the pore (see Figure 1). The relative reactivity of the P351C and N356C mutants 
with thiol reagents reported here are consistent with this view. The reactivity of 
the P351C mutant with NEM was found to be at least one order of magnitude 
higher than observed for the N356C mutant, while the latter does not react with 
AmdiS at all. The observations are in line with a lower accessibility of the 
cysteine residue at position 356. The accessibility of the cysteines at the position 
of Pro351 and Asn356 was strongly reduced in the presence of a saturating 
concentration of L-glutamate and enhanced in the presence of the co-ion. The 
effect of the presence of L-glutamate and Na
+
 on the reactivity of the two mutants 
was similar suggesting that for both membrane impermeable AmdiS and 
membrane permeable NEM the access pathway to the cysteine residues was from 
the periplasmic side of the membrane. Binding of L-glutamate or Na
+
 added at the 
periplasmic side recruits the transporter molecules to the outward-facing 
conformation. Protection by L-glutamate most likely arises from steric hindrance 
in the access pathway or from direct involvement of the target residue in substrate 
binding. In this respect it may be noted that both Pro351 and Asn356 are highly 
conserved residues in the ESS family. Enhancement of the reactivity in the 
presence of Na+ would be a direct effect of locking the transporters in the 
outward-facing conformation without the need of recruiting (part of) the proteins 
from the inward-facing conformation during inactivation. Because of its small 
size, the Na
+
 ions are unlikely to restrict the access pathway.  
The change in turnover rate of GltS by the insertion of the BAD domain in the 
loop that connects the two domains parallels changes in the accessibility of 
residues in the cytoplasmic reentrant loop in the C-domain that may shed some 
light on the mechanism of the activation. Insertion of the domain in the central 
loop reduces the accessibility of positions 351 and 356 at the periplasmic side of 
the membrane. The P351C insertion mutant appears to be insensitive to AmdiS as 
well as NEM, irrespective of the catalytic state of the transporter (Figures 4 and 
6). The N356 insertion mutant showed a reduced reactivity with NEM, but at 
higher concentrations of the thiol reagent, inactivation was clearly observed 
(Figure 6B). Importantly, binding of Na
+
 protected the N351C-BAD206 mutant 
against NEM, while it enhanced the inactivation of N351C strongly suggesting 
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different access pathways. If the enhanced reactivity of N351C is explained by 
recruitment in the outward facing state, it follows that the N351C-BAD206 
mutant reacts in the inward facing conformation with membrane permeable NEM 
coming from the cytoplasm. Summarizing, the dominant effect of the insertion of 
the BAD domain is a strong restriction of the access pathway to positions 351 and 
356 in the reentrant loop for thiol reagents from the periplasmic side of the 
membrane. At the same time, position 356, but not position 351, appears to 
become more accessible from the cytoplasmic side. The equilibrium of the 
transition between the inward and outward facing conformations appears to be 







-glutamate transporter GltS is believed to consist of two homologous 
domains that are connected by a large hydrophilic cytoplasmic loop. The 
translocation site is believed to be formed at the interface of the two domains 
where two reentrant loops interact. Cysteine residues engineered in the reentrant 
loop in the C-terminal domain that enters the membrane from the cytoplasmic 
face of the membrane are accessible from the periplasm and their reactivity is 
modulated by the presence of substrate and co-ion. Insertion of the 10 kDa BAD 
polypeptide in the loop that connects the two domains in the cytoplasm blocks the 
accessibility of the cysteine residues in the reentrant loop from the periplasm. 
Kinetically, the insertion results in an increase of the maximal rate of transport by 
a factor of 2.7. It follows that changes in the connecting loop affect turnover and 
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The biological cell is the basic organisational unit of living matter. Such cell is 
build of proteins, carbohydrates, lipids and nucleic acids arranged in great 
complexity. These highly sophisticated and fragile structures undergo constant 
rearrangement in a continuous process of exchange of energy and matter, known 
as metabolism. Virtually all metabolic reactions are controlled by enzymes. A 
third of them are embedded in biological membranes and a third of these catalyses 
transport of molecules from one side of the membrane to the other. 
Transmembrane transport is one of the most essential mechanisms of cells 
allowing maintaining their homeostasis. Despite their great importance, enzymes 
facilitating transmembrane transport are among the least understood group of 
proteins. Particularly frustrating seems to be the fact that membrane proteins are 
difficult to investigate with most of known techniques of scientific inquiry. One of 
the most powerful techniques, X-ray diffraction atomic structure assessment is 
largely beyond the reach for membrane proteins research.  Efforts have been made 
to classify membrane proteins based on their amino acid sequence similarities as 
well as structural similarities imprinted in their hydropathy profiles. Remarkably 
such analysis gives an insight to basic protein backbone arrangement, domain 
organization as well as it is able to produce a protein nested hierarch, reflecting 
their phylogeny and evolution.  The hydropathy based analysis, developed as the 
MemGen system, is particularly useful for tracing distant evolutionary 
relationships. The sequence similarity based system, known as TC system yields 
85 families of secondary transporters, however the MemGen analysis is able to 
group them much fewer structural classes. Importantly MemGen does not 
overwrite the sequence based classification but contrary, super groups them into 
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larger classes, sharing the same 3D fold but necessarily related in sequence. Both 
sequence and hydropathy alignment pointed to significant homology between the 
first and the second half of many membrane proteins, suggesting an ancient gene 
duplication event. A primordial gene, encoding five or six transmembrane 
segments fused with its chromosomal copy through a linker. This event imposes 
inversion of the orientation of the second domain in case of an odd number of 
transmembrane segments in the first domain. A successful inversion is usually 
associated with rearrangement of charged residues in the loops facing the two 
sides of the membrane. Most commonly, stability of orientation of the two 
domains was increased by appearance of additional charged amino acids in the 
cytoplasmic side of the protein. Fusion event was evolutionarily favourable 
probably because primordial genes have already acted as tandems. The 2-domain 
membrane proteins commonly form dimers, trimers or exist in monomeric form. 
It isn‟t very obvious to determine the evolutionary advantage to form higher, 
quaternary complexes but in case of some known x-ray structures a formation of a 
basin at the interface was observe. It was speculated that such concave shape of 
quaternary organization of units could mitigate the transport by simple shortening 
the distance between the sides of the membrane. Composition of the quaternary 
structure depends on the shape of the interface between monomers but there are 
no computational methods to extract this piece of information. Additionally, 
formation of dimers, trimers or monomers probably occurred in effect of 
evolutionary divergence after the fusion and holds no bearings on hydropathy 
based classification. Nevertheless the knowledge of already obtained 3D atomic 
resolution structure as well as indirect methods of quaternary structure 
measurement allowed to point out that within part of structural classes the 
quaternary structure  is preserved. This work presents a comprehensive study 
regarding structure and mechanism of transport of the glutamate symporter GltS 
of Escherichia coli and the citrate transporter CitS of Klebsiella pneumoniae.    
To measure the quaternary structure of selected proteins from the ST[3] structural 
class in the MemGen classification, the structure of three secondary transporter 
proteins, GltT of Bacillus stearothermophilus, CitS of Klebsiella pneumoniae and 
GltS of Escherichia coli was studied. The proteins were overexpressed in the E. 
coli expression system and purified to homogeneity in detergent solution by Ni
2+
-
NTA affinity chromatography. Analysis of chromatograms showed that CitS and 
GltS were able to bind to the resin with identical affinity while GltT bound 
significantly stronger. In effect it was concluded that the first to have the same 
quaternary structure while GltT has higher number of monomers in its functional 
complex. Further the complexes were determined to be trimeric, dimeric, and 
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dimeric for GltT, CitS and GltS, respectively, by BN-PAGE. The subunit 
stoichiometry correlated with the binding affinity of the Ni
2+
-NTA resin for the 
protein complexes. Projection maps of negatively stained transporter particles 
were obtained by single particle electron microscopy. Processing of the GltT 
particles revealed a projection map possessing three-fold rotational symmetry, in 
good agreement with the trimer observed in the crystal structure of a homologous 
protein, GltPh of Pyrococcus horikoshii. The CitS protein showed up in two main 
views; as a kidney-shaped particle and a biscuit-shaped particle, both with a long 
axis of 160 Å. The latter has a width of 84 Å, the former of 92 Å. Symmetry 
considerations identify the biscuit-shape as a top-view and the kidney-shape as a 
side-view from within the membrane. Combining the two images shows that the 
CitS dimer is a protein with a strong curvature at one side of the membrane and, at 
the opposite side, an indentation in the middle at the subunit interface. The GltS 
protein was similarly shaped as CitS with dimensions of 145 x 84 Å. The shapes 
and dimensions of the CitS and GltS particles are consistent with a similar 
structure of these two unrelated proteins.  
Furthermore the quaternary structure of CitS was investigated by a 10 kDa protein 
tag (Biotin Acceptor Domain, BAD) fused to the N-terminus of both proteins 
(CitS-BAD1 and GltS-BAD1, respectively) or inserted in the central cytoplasmic 
loop that connects the two halves of the proteins (CitS-BAD260 and GltS-
BAD206). Both CitS constructs and GltS-BAD206 were produced and shown to 
be active transporters, but GltS-BAD1 could not be detected in the membrane. 
Distance relationships in the complexes were studied by cross-linking studies. 
Both CitS constructs were shown to be in the dimeric state after purification in 
detergent by cross-linking with glutaraldehyde. The concentration of 
glutaraldehyde resulting in 50 % cross-linking was significantly higher for CitS-
BAD1 than for CitS and CitS-BAD260. Remarkably, GltS and GltS-BAD260 
were not cross-linked by glutaraldehyde because of the lack of productive reactive 
sites. Cross-linking of GltS was observed when the N-terminal 46 residues of CitS 
with or without BAD at the N-terminus were added to the N-terminus of GltS. 
The stretch of 46 residues contains the first transmembrane segment of CitS that is 
missing in the GltS structure. The data support an orientation of the monomers in 
the dimer with the N-termini close to the dimer interface and the central 
cytoplasmic loops far away at the ends of the long axis of the dimer structure in a 
view perpendicular to the membrane.  
The structural model of GltS shows two homologous domains with inverted 
membrane topology that are connected by a central loop that resides in the 
cytoplasm. Each domain contains a reentrant loop structure. Accessibility of the 
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Cys residues in two GltS mutants in which Pro351 and Asn356 in the reentrant 
loop in the C-terminal domain were replaced by Cys is demonstrated to be 
sensitive to the catalytic state supporting a role for the reentrant loops in catalysis. 
Saturating concentrations of the substrate L-glutamate protected both mutants 
against inactivation by thiol reagents, while the presence of the co-ion Na
+
 
stimulated the inactivation of both mutants. Insertion of the 10 kDa biotin 
acceptor domain (BAD) in the central cytoplasmic loop blocked the access 
pathway from the periplasmic side of the membrane to the cysteine residues in 
mutants P351C and N356C in the reentrant loop. Kinetically, insertion of BAD 
increased the maximal rate of uptake 2.7-fold while leaving the apparent affinity 
constants for L-glutamate and Na
+
 unaltered. The data suggests that insertion of 
BAD in the central loop results in conformational changes at the translocation site 
that lower the activation energy of the translocation step without affecting the 
access pathway from the periplasmic side for substrate and co-ions. It is 
concluded that changes in the central loop that connects the two domains may 




















De biologische cel kan men beschouwen als de functionele basiseenheid van 
levende materie. Zo‟n cel bestaat uit eiwitten koolhydraten, lipiden en 
nucleïnezuren, die samen een zeer complex geordend dynamisch systeem vormen. 
Deze zeer geavanceerde en kwetsbare structuren ondergaan constante 
herschikking in een continu proces van uitwisseling van energie en materie, 
bekend als de stofwisseling. Vrijwel alle metabolische reacties worden 
gecontroleerd door enzymen. Een derde van deze enzymen zijn ingebed in 
biologische membranen en een derde van deze membraaneiwitten katalyseert 
transport van moleculen van de ene kant van het membraan naar de andere. 
Transmembraan transport is een van de meest essentiële mechanismen van de cel 
voor het behoud van hun homeostase. Toch behoren transporteiwitten tot de minst 
begrepen groep van eiwitten. Het grootste probleem lijkt te zijn dat de 
membraaneiwitten niet goed te bestuderen zijn met de meeste voor de hand 
liggende wetenschappelijke technieken. Een van de meest krachtige technieken 
om eiwitten op atomair niveau te bestuderen, (röntgen diffractie) kristallografie, is 
grotendeels buiten het bereik van membraaneiwitten onderzoek. Er zijn 
inspanningen gedaan om membraaneiwitten te klassificeren op basis van 
overeenkomsten in aminozuursequentie en/of strukturele eigenschappen in de 
vorm van hydropathy profielen. Opmerkelijk is dat een dergelijke analyses inzicht 
geven op het gebied van topologische opbouw van de „back-bone‟ van 
membraaneiwitten en domein organisaties, en dat het de mogelijkheid bied een 
hiërarchische samenhang te produceren, die de fylogenie (evolutionaire relatie) 
reflekteerd. De hydropathie analyse, ontwikkeld als het MemGen systeem is 
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vooral nuttig voor het opsporen van verre evolutionaire relaties. Het systeem 
gebaseerd op sequentie-overeenkomst, bekend als het TC-systeem, levert 85 
families van secundaire transporteiwitten, maar de MemGen analyse groepeert 
deze families in veel minder structurele klassen. Belangrijk is dat MemGen de 
groepen in het TC systeem hergroepeert in grotere klassen op basis van 
similariteit in hydropathie profiel, waarbij overeenkomst in sequentie niet meer 
een vereiste is. Zowel sequentie als hydropathie alignment heeft een significante 
homologie aangetoond tussen de eerste en de tweede helft van een groot aantal 
membraaneiwitten, hetgeen wijst op een zeer lang geleden genduplicatie, een oer-
gen, dat codeert voor vijf of zes transmembraan segmenten versmolten met zijn 
chromosomale kopie via een schakel. In het geval van een oneven aantal 
transmembraan segmenten in het eerste domein, veroorzaakt de genduplikatie een 
omkering in de oriëntatie van het tweede domein. Een succesvolle inversie wordt 
meestal geassocieerd met herschikking van geladen residuen in de lussen 
tegenover de twee zijden van het membraan. Meestal werd de stabiliteit van de 
oriëntatie van de twee domeinen verhoogd met extra geladen aminozuren aan de 
cytoplasmatische zijde van het eiwit. Waarschijnlijk waren genfusies evolutionair 
gunstig omdat primordiale genen al functioneerden als tandems. De 2-domein 
membraaneiwitten vormen inhet algemeen dimeren, trimeren of bestaan in 
monomere vorm. Het is niet erg duidelijk welk evolutionair voordeel hogere, 
quaternaire complexen zouden kunnen opleveren, maar in het geval van een aantal 
bekende x-ray structuren werd een bassin formatie op het membraaninterface 
geobserveerd. Er werd gespeculeerd dat een dergelijke concave vorm van 
quaternaire organisatie van de eenheden het transport vergemakkelijkte door 
simpelweg de afstand tussen de membraan oppervlakken te verkorten. De 
samenstelling van de quaternaire structuur is afhankelijk van de vorm van de 
interface tussen de monomeren, maar er zijn geen computationele methoden om 
deze informatie te verkrijgen. Bovendien, de vorming van dimeren, trimeren of 
monomeren heeft waarschijnlijk plaatsgevonden na het fusie evenement als effect 
van de evolutionaire divergentie en wordt niet weerspielgeld in de op hydropathie 
profiel gebaseerde classificatie. Toch zijn er, via quartenaire informatie verkregen 
uit 3D strukturen en indirecte methoden, indicaties dat de quaternaire structuur 
binnen een deel van de structurele klassen behouden blijft. In dit proefschrift 
wordt een uitgebreide studie gepresenteerd die de structuur en het 
transportmechanisme van de glutamaat symporter GltS van Escherichia coli en de 
citraat transporter CitS van Klebsiella pneumoniae beschrijft.  
Om de quaternaire structuur van eiwitten in structurele klasse ST[3] van de 
MemGen classificatie te bepalen, werd de structuren van drie secundaire transport 
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eiwitten, GltT van Bacillus stearothermophilus, CitS van Klebsiella pneumoniae 
en GltS van Escherichia coli bestudeerd. De eiwitten werden tot overexpressie 
gebracht in het E. coli expressiesysteem en tot homogeniteit gezuiverd in 
detergent oplossing door middel van affiniteitschromatografie. Uit analyse van de 
chromatogrammen bleek dat CitS en GltS in staat waren de Ni2+-NTA beads met 
dezelfde affiniteit te binden, terwijl GltT aanzienlijk sterker gebonden werd. Er 
werd geconcludeerd dat de eerste twee transporters dezelfde quaternaire structuur 
hadden, terwijl het functionele complex van GltT een hoger aantal monomeren 
bevatte. Door middel van BN-PAGE werd bepaald dat de complexen bestonden 
uit een trimeer, een dimeer, en wederom een dimeer voor GltT, CitS en GltS, 
respectievelijk. De subeenheid stoichiometrie correspondeerde met de 
bindingsaffiniteit van het Ni2+-NTA-resin voor de eiwit complexen. Projectie 
kaarten van negatief gekleurde transporter deeltjes werden verkregen door middel 
van „singe particle‟ elektronenmicroscopie. De verwerking van de GltT deeltjes 
onthulde een projectie-kaart met drie-voudige rotatiesymmetrie, hetgeen in goede 
overeenstemming was met de trimeer waargenomen in de kristalstructuur van een 
homoloog eiwit, GltPh van Pyrococcus horikoshii. De transporter CitS werd 
waargenomen in twee hoofd vormen: als een nier-vormig deeltje en als biscuit-
vormig deeltje, beide met een lange as van 160 Å. De laatste vorm heeft een 
breedte van 84 Å, de eerste van 92 Å. Symmetrie beschouwingen identificeren de 
biscuit-vorm als boven-aanzicht en de nier-vorm als een zij-aanzicht, bekenen 
vanuit het membraan. Uit de combinatie van de twee beelden blijkt dat de CitS 
dimeer een eiwit is met een sterke kromming aan de ene zijde van het membraan 
en aan de andere kant een inkeping in het midden van de subeenheid interface. 
Het GltS eiwit had dezelfde vorm als CitS, met afmetingen 145 x 84 Å. De 
vormen en afmetingen van de CitS en GltS deeltjes zijn in overeenstemming met 
een vergelijkbare structuur van deze twee niet-verwante eiwitten.  
Verder werden de quaternaire structuren van CitS en GltS onderzocht met behulp 
van een 10 kDa eiwit tag (Biotine Acceptor Domein, BAD) gefuseerd met het N-
terminale uiteinde van de transporters (CitS-BAD1 en GltS-BAD1, 
respectievelijk), of ingevoegd in de centrale cytoplasmatische lus die de twee 
helften van de transporters verbind (CitS-BAD260 en GltS-BAD206). Beide CitS 
varianten en GltS-BAD206 werden geproduceerd en vertoonden transport 
activiteit, maar GltS-BAD1 kon niet worden gedetecteerd in het membraan. 
Afstandsverhoudingen in de complexen werden bestudeerd door middel van 
cross-linking studies. Beide CITS constructies werden getoond in dimeervorm 
zijn na zuivering in detergent door middel van cross-linking met glutaaraldehyde. 
De concentratie van glutaaraldehyde resulterend in 50% cross-linking was 
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significant hoger voor CITS-BAD1 dan voor CitS en CitS-BAD260. Opmerkelijk 
was dat glutaaraldehyde cross-linking niet plaatsvond in GltS en GltS-BAD260 
door het ontbreken van reactieve groepen. Cross-linking van GltS vond wel plaats 
wanneer de N-terminale 46 residuen van CitS, met of zonder BAD domein, 
werden gefuseerd met de N-terminus van GltS. Bovengenoemde 46 residuen 
vormen het eerste transmembraan segment van CitS, die ontbreekt in de struktuur 
van GltS. De gegevens ondersteunen een oriëntatie van de monomeren in het 
dimeer met de N-terminale uiteinden dicht bij de dimeer-interface, en de centrale 
cytoplasmatische lussen ver weg aan de uiteinden van de lange as van de dimeer 
structuur, gezien vanuit een positie loodrecht op het membraan.  
Het structurele model van GltS toont twee homologe domeinen met omgekeerde 
membraan topologie die zijn verbonden door een centrale cytoplasmatische lus. 
Elk domein bevat een „reentrant loop‟ structuur. Dat de toegankelijkheid van de 
Cys residuen in twee GltS mutanten, waarin Pro351 en Asn356 in de „reentrant 
loop‟ in de C-terminale domein werden vervangen door Cys residuen, afhankelijk 
bleek te zijn van de katalytische toestand, ondersteund dat de „reentrant loops‟ een 
rol spelen in het katalyseren van transport. Verzadigende concentraties van het 
substraat L-glutamaat beschermde beide mutanten tegen inactivatie door thiol-
reagentia, terwijl de aanwezigheid van het co-ion Na+ de inactivatie van beide 
mutanten juist stimuleerde. Insertie van het 10 kDa biotine acceptor domein 
(BAD) in de centrale cytoplasmatische lus blokkeerde de toegang vanuit de 
periplasmatische zijde van het membraan naar de cysteïne residuen in mutanten 
P351C en N356C in de „reentrant loop‟. Kinetisch, het inbrengen van BAD 
verhoogde de maximale snelheid van opname 2,7-voudig, terwijl de schijnbare 
affiniteits constantes voor L-glutamaat en Na+ onveranderd bleven. De gegevens 
suggereren dat het inbrengen van BAD in het centrale lus resulteerde in een 
conformationele veranderingen ter hoogte van de translocatie site, die leidde tot 
verlaging van de activatie energie van de translocatie stap, zonder dat de 
toegangsweg voor substraat en co-ion beinvloed werd. Geconcludeerd wordt dat 
veranderingen in de centrale lus die de twee domeinen verbindt, de regulerende 
functie op de activiteit van de transporter kan beinvloeden. van de transporter kan 



















Komórka jest podstawową jednostką organizacyjną żywej materii. Procesy 
zachodzące w jej wnętrzu pozwalają na nieustanny przemianę materii i energii 
oraz ciągłą przebudowę elementów budulcowych. Praktycznie wszystkie te 
procesy, zwane metabolizmem, są kontrolowane przez enzymy. Około trzydziestu 
procent z nich znajduje się w błonach biologicznych a jedna trzecia z nich 
przeprowadza transport substratów budulcowych lub energetycznych poprzez 
błony w których są osadzone. Możliwość wymiany substratów oraz produktów 
przemiany materii poprzez błony komórkowe jest podstawową zdolnością żywych 
komórek pozwalającą podtrzymać stan homeostazy. Pomimo iż odgrywają tak 
istotną rolę w podtrzymaniu życia, białka błonowe są jedną z najmniej poznanych 
grup białek. Ze wzglądu na specyficzne ukształtowanie środowiska w którym 
występują białka błonowe charakteryzują się hydrofilową i hydrofobową 
aranżacją reszt aminokwasowych co czyni je niezwykle trudnym materiałem do 
badań naukowych. Niezdolność lub znaczne ograniczanie możliwości tworzenia 
kryształów przez białka błonowe jest przyczyną małej liczby rozwiązanych 
struktur o rozdzielczości atomowej przy zastosowaniu techniki dyfrakcji 
rentgenowskiej. Inna technika analizy białek błonowych polega na porównaniu 
wykresów hydrofobowości całej sekwencji aminokwasowej białek. Dzięki 
analizie takich wykresów możliwe jest uzyskanie informacji na temat liczby 
segmentów międzybłonowych, porównanie przebiegu głównego łańcucha 
polipeptydowego z innymi białkami o znanej strukturze oraz badanie odległych 
związków ewolucyjnych. Zastosowanie metod bioinformatycznych w analizie 
profilów hydrofobowości pozwoliło na zbudowanie całego systemu klasyfikacji 
białek błonowych zwanego MemGen. System ten grupuje rodziny białek 
błonowych, powstałe w wyniku analizy sekwencji DNA w większe klasy 
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strukturalne zgodnie z ich wczesnym ewolucyjnym pochodzeniem. Białka 
zawarte w tych samych klasach strukturalnych posiadają podobne ukształtowanie 
łańcucha polipeptydowego oraz podobną strukturę, jednak ich sekwencje różną 
się znacząco. Ponadto znaczna większość białek zawartych we wszystkich klasach 
strukturalnych posiada duży stopień homologii pomiędzy pierwsza i drugą połową 
białka, wskazując na możliwość duplikacji, która nastąpiła we wczesnej historii 
ewolucyjnej tych białek. Zjawisko duplikacje genów jest względnie powszechnie 
obserwowane. W przypadku połączenia się genów białek o nieparzystej ilości 
segmentów błonowych wymuszona zostaje inwersja drugiej części w płaszczyźnie 
błony. W białku ulegającym inwersji można zaobserwować rearanżacje reszt 
aminokwasowych obdarzonych ładunkiem. Najczęściej obydwa się to przez 
dodanie nowych polarnych lub jonowych reszt w pętlach łączących segmenty 
międzybłonowe po stronie cytoplazmatycznej. Połączenie się dwóch pierwotnych 
genów było korzystne gdyż geny te przypuszczalnie działały w tandemie. Choć 
trudno określić korzyść ewolucyjną wynikającą z tworzenia się multimetrów 
danego białka, obecnie wiadomo iż transportery błonowe mogą występować w 
postaci monomerów, dimerów i trimerów. Na podstawie nielicznych struktur o 
rozdzielczości atomowej dostępnych dla tych transporterów można 
wywnioskować że czwartorzędowa struktura tych białek pomaga w utworzeniu 
charakterystycznego zagłębianie obecnego w miejscu łączenie się monomerów. 
Wobec czego można spekulować iż formowanie dimerów i trimerów fizycznie 
zmniejsza odległość między stronami błony komórkowej i ułatwia transport. 
Zdolność danego białka do tworzenia struktur czwartorzędowych zależy od 
charakteru hydrofobowego powierzchni interakcji monomerów, niemniej jednak 
nie istnieje żadna metoda komputerowa zdolna wyodrębnić taką informację. 
Pomimo to znajomość istniejących struktur oraz informacje uzyskane z 
pośrednich metod pomiaru struktur czwartorzędowych pozwala przypuszczać że 
struktura czwartorzędowa jest zachowana w obrębie klasy strukturalnej.  
Poniższa praca przedstawia wybrane elementy badań nad strukturą oraz 
mechanizmem działania transporterów błonowych na przykładzie symportera 
glutaninianu GltS z Escherichia coli oraz  transportera cytrynianu CitS z 
Klebsiella pneumoniae.  
W celu pomiaru struktury czwartorzędowej wybrano dwa białka z klasy 
strukturalnej ST[3] w postaci CitS i GltS oraz jedno białko o znanej strukturze 
czwartorzędowej z klasy strukturalnej ST[4] w postaci GltT z Bacillus 
steatothermophilus. Geny wszystkich tych białek zostały wprowadzone do 
wektora pBAD-24 przy pomocy metod inżynierii genetycznej a następnie wektory 
te zostały użyte do transformacji komórek E. coli w celu produkcji kodowanych 
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białek. Wyprodukowane białka, zawarte w błonach bakteryjnych zostały 
oczyszczone przy pomocy chromatografii powinowactwa do złoża Ni2+NTA. 
Analiza chromatogramów wykazała że GltS oraz CitS wiążą się ze złożem z 
identyczna siłą natomiast GltT wiąże się znacznie silniej. Na podstawie tej 
obserwacji wywnioskowano że GltS i CitS posiadają taką samą liczbę 
monomerów natomiast GltT posiada więcej podjednostek. Następnie, przy 
pomocy techniki BN-PAGE ustalono że GltS oraz CitS są dimerami a GltT jest 
trimerem. Oba powyższe eksperymenty przedstawiają spójne dane, dodatkowo 
potwierdzone przez analizę zdjęć w mikroskopie elektronowym. Mapy 
projekcyjne pojedynczych cząstek każdego z tych białek zostały utworzone przez 
sumowanie wielu pojedynczych zdjęć uzyskanych w mikroskopie elektronowym. 
W przypadku GltT obserwowano kształt posiadający potrójną oś symetrii 
rotacyjnej a nałożony obraz struktury homologicznego białka GltPh z Pyrococcus 
horikoshii doskonale pasował do kształtu uzyskanego w mikroskopie 
elektronowym. W analizie CitS obserwowano dwa kształty. Pierwszy z nich to 
kształt „nerkowy” o długości 160 Ǻ oraz 84 Ǻ szerokości. Drugi to kształt 
„biszkoptowy” również o długości 160 Ǻ i szerokości 92 Ǻ. Ze wzglądów na 
ograniczenie wynikające z symetrii białek błonowych pierwszy z tych kształtów 
zidentyfikowano jako widok boczny a drugi jako widok górny. Połączenie tych 
obrazów pozwala stwierdzić że CitS to dimer o łagodnie zaokrąglonej części 
cytoplazmatycznej oraz posiadający wyraźne zagłębienie między podjednostkami, 
obecne po stronie peryplazmatycznej. W przypadku GltS uzyskano zdjęcia o 
znacznie niższej rozdzielczości nie pozwalające na wykrycie analogicznego 
zagłębienia. Niemniej jednak obserwowano „owalny” kształt o 145 Ǻ długości i 
84 Ǻ szerokości. Uzyskane parametry pozwalają wnioskować o dużym 
podobieństwie w strukturze tych dwóch niespokrewnionych białek błonowych. 
Dodatkowo struktura czwartorzędowa CitS i GltS była badana przy pomocy 
białkowego fragmentu BAD (Biotin Acceptor Domain) o wielkości 10 kDa. 
Fragment ten został dołączony do N-końcowego aminokwasu CitS oraz GltS 
metodami inżynierii genetycznej tworząc konstrukty CitS-BAD1 i GltS-BAD1. 
Następnie ten sam fragment białkowy został wprowadzony do pętli 
cytoplazmatycznej w pozycji 260 dla CitS (CitS-BAD260) oraz analogicznej 
pozycji 206 dla GltS (GltS-BAD206). Wszystkie te konstrukty za wyjątkiem 
GltS-BAD1 wykazywały wysoki poziom produkcji białka jak i wysoką 
aktywność w transporcie specyficznych substratów. Oczyszczone białka obu form 
CitS zostały poddane działaniu niespecyficznego czynnika sieciującego 
(glutaraldehydu, GA). Stwierdzono że stężenie GA niezbędne do związanie 50% 
CitS-BAD260 i CitS było znacząco niższe niż to potrzebne do związania 50% 
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CitS-BAD1, przypuszczalnie z powodu fizycznego zasłonięcia przez BAD 
obszaru w którym podjednostki CitS dimeryzują a przez to zmniejszenia 
dostępności GA. Oznacza to że N-końcowe aminokwasy obu podjednostek są do 
siebie zwrócone a pętle cytoplazmatyczne znajdują się na przeciwległych końcach 
cząsteczki dimeru CitS. Wykonanie podobnego doświadczenia z GltS nie było 
możliwe ze względu na wspomniany brak produkcji białka GltS-BAD1. Jednak 
zastąpienie fragmentu BAD pierwszym segmentem międzybłonowym z CitS 
pozwoliło na uzyskanie aktywnego białka, zdolnego do związania przez GA w 
dimer. Ponieważ GltS i GltS-BAD206 nie tworzą dimerów wywnioskowano że 
tak jak w CitS, N-końcowe aminokwasy obu podjednostek GltS są zwrócone do 
siebie a pętle plazmatyczne znajdują się na przeciwległych końcach. 
W proponowanym modelu strukturalnym GltS jedna podjednostka dimeru 
zbudowana jest z dwóch homologicznych lecz odwróconych względem 
płaszczyzny błony domen. Obie te domeny zbudowane są z pięciu segmentów 
międzybłonowych połączonych pętlą cytoplazmatyczną. Między czwartym i 
piątym segmentem międzybłonowym znajduje się pętla nieprzechodząca (lub 
pętla porowa, pętla Vb) w pierwszej oraz między dziewiątym a dziesiątym 
segmentem międzybłonowym drugiej domeny (pętla XIa). Pętle te stanowią 
centrum aktywne enzymu i przypuszczalnie tworzą ścieżkę transportu substratu. 
Badano dostępność kluczowych reszt aminokwasowych w pętli XIa przez 
wprowadzenie cystein w miejsce asparginy 356 oraz proliny 351. Zaobserwowano 
że możliwość dezaktywacji białka i reakcji wybranego reagenta (NEM lub 
AmdiS) z resztą wprowadzonej cysteiny zależała od konformacji tego 
transportera, potwierdzając role pętli porowej w transporcie substratu. W stanie 
nasycenia L-glutaninianem (naturalnym substratem GltS) oba mutanty były 
chronione przed reakcją ze znacznikiem podczas gdy nasycenie jonami sodu 
wzmagało wydajność reakcji znacznika z cysteinami obu mutantów. 
Wprowadzenie 10 kDa fragmentu białkowego BAD w pozycję 206 aminokwasu 
całkowicie zablokowało dostęp NEM lub AmdiS do cysteiny wprowadzonej w 
miejsce proliny 351 (P351C). Pomiary kinetycznych parametrów GltS-BAD206 
wykazały że wprowadzony znacznik BAD powodował 2,7 krotny wzrost 
prędkości maksymalnej enzymu przy braku zmian w powinowactwie do substratu. 
Wnioskowano że wprowadzenie fragmentu białkowego BAD wymusza jedną 
konformację białka, naturalnie występującą w cyklu katalitycznym w której GltS-
BAD206 przebywa statystycznie najczęściej. Konformacja ta pozwala na 
obniżenie energii aktywacji, bez zmian w ścieżce wiązania substratów ze strony 
peryplazmatycznej. Wywnioskowano że pętla cytoplazmatyczna może odgrywać 






TC   transporter classification 
EM   electron microscopy 
DAACS  dicarboxylate/amino acid cation symporter 
2HCT   2-hydroxycarboxylate transporter 
ESS              glutamate solute symporter 
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